





































to	 the	 agricultural	 market,	 concerns	 have	 been	 raised	 regarding	 their	 effect	 on	 non-target	
organisms,	 and	 in	 the	 last	 5	 years	 avian-related	 research	has	 gained	momentum.	However,	 the	












30%	of	 species	overall.	 Exposure	was	 found	 to	be	associated	with	one	physiological	parameter,	
which	could	be	detrimental	to	bird	health.	There	was	no	consistent	evidence	to	suggest	that	dietary	




















































































































































































































































































whose	model	we	 adapted	 for	 the	 purpose.	 Both	Nick	 and	 Stephen	 valiantly	 volunteered	 to	 talk	me	





























for	 chemical	 analysis	 (data/sample	 management,	 methodology	 development,	 sample	 preparation,	






subsequent	data	management,	 statistical	analysis,	data	presentation	and	 interpretation	 for	both	 the	
East	 Anglia	 and	 Lincolnshire	 datasets	 was	 undertaken	 by	 me,	 as	 well	 as	 all	 written	 work	 and	 the	
assimilation	of	these	data	for	chapter	two.	
I	undertook	all	data	collection	and	analyses	 included	 in	chapter	 three.	My	 roles	during	 the	chemical	
analyses	 of	 avian	 samples	 presented	 in	 this	 chapter	 were	 as	 follows:	 data/sample	 management,	
methodology	development,	sample	preparation,	sample	extraction	and	processing	initial	concentration	
data.	CEH	operated	the	analytical	equipment,	assisted	in	methodology	development	and	provided	the	
finalised	 concentration	 data.	 All	 data	 management,	 statistical	 analyses,	 data	 presentation	 and	
interpretation,	and	written	work	was	undertaken	by	me.		
In	chapter	four,	several	long-term	data	sets	were	used	to	create	the	final	data	frame	that	was	entered	
into	 the	model.	 These	 data	were	 sourced	 and	 used	with	 permission	 from	 the	 Breeding	 Bird	 Survey	
(British	Trust	for	Ornithology),	the	Pesticide	Usage	Survey	(Fera	Science	Ltd.)	and	the	Agcensus	database	
(hosted	by	EDiNA).	The	Freeman	and	Newson	model	(2008)	was	adapted	for	use	in	chapter	four	by	me	
and	my	 co-author	 Nick	 JB	 Isaac	 (CEH,	Wallingford).	 All	 data	management,	 statistical	 analyses,	 data	
presentation	and	interpretation	and	written	work	was	undertaken	by	me.	
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Neonicotinoids	 (NNs)	are	a	class	of	systemic	 insecticide	that	were	 introduced	to	the	agricultural	
market	 in	 the	 early	 1990s,	 and	 have	 subsequently	 caused	 many	 debates	 within	 academic,	
regulatory	and	agricultural	sectors,	regarding	the	effectiveness	and	ecotoxicological	safety	of	these	
compounds.	The	release	of	NNs	into	the	environment	over	the	last	three	decades	has	triggered	a	
complex	 set	of	adverse	effects	on	pollinators	 [1],	and	has	 raised	numerous	concerns	within	 the	
scientific	 community	 about	 the	 potential	 effects	 on	 other	 wildlife	 taxa	 [2].	 In	 response	 to	 an	
extensive	review	of	the	risk	of	NNs	to	pollinators	conducted	by	the	European	Food	Safety	Authority	




Worldwide	 integrated	 assessments	 have	 attempted	 to	 understand	 the	 full	 extent	 of	 the	






of	 the	 major	 species	 groups	 to	 inhabit	 farmland	 and	 are	 often	 used	 as	 indicator	 species	 for	
ecosystem	health	[6].	As	such,	birds	are	not	only	at	risk	from	the	impacts	of	NNs,	but	could	also	be	






between	 laboratory	 research	 and	 information	 to	 inform	 NN	 usage	 policies	 in	 an	 avian	 context	
remains	large.		
	
Due	 to	 the	 paucity	 of	 data	 regarding	 NNs	 and	 farmland	 birds,	 and	 the	 relative	 infancy	 of	 this	
research	area,	there	are	many	research	gaps	that	could	have	been	investigated	as	part	of	this	thesis.	
Currently,	one	of	the	largest	 is	understanding	the	extent	to	which	wild	birds	are	exposed	during	











based	 evidence	 to	 understand	 the	 interaction	 between	 agricultural	 applications	 of	 NNs	 and	
farmland	birds	in	situ.	The	purpose	of	these	data	and	subsequent	analyses,	is	to	bridge	the	gap	from	
individuals	 in	 aviaries	 to	 communities	 in	 the	 field,	 to	 determine	 whether	 NNs	 are	 significantly	
contributing	 to	continued	 farmland	bird	declines,	and	 if	 so,	how.	To	provide	a	cohesive	body	of	
work,	data	collection	was	designed	around	graduating	themes	of	exposure	to	effect,	and	individuals	









exposure	 pathway.	 Dermal-	 or	 inhalation-based	 pathways	 were	 discounted	 due	 to	 the	 lack	 of	










































This	 chapter	 investigates	 whether	 seed	 treatments	 are	 a	 source	 of	 exposure	 to	 farmland	 bird	









analysed	 for	 NN	 compounds	 to	 confirm	 the	 frequency	 and	 level	 of	 exposure	 among	 a	 typical	





In	 chapter	 two,	 biological	 samples	 obtained	 from	 passerine	 species	 are	 analysed	 for	 the	 NN	
compound	clothianidin	as	a	measure	of	exposure	during	a	typical	autumn	sowing	season.	In	this	
chapter,	similar	data	are	collected	for	three	species	of	gamebird.	By	sampling	from	a	smaller	species	
pool,	with	 species	 that	 are	managed	 as	 part	 of	 the	 shooting	 industry,	 this	 chapter	 allowed	 for	
further	analyses	of	the	sub-lethal	effects	of	NN	exposure	in	the	field.	Furthermore,	blood	plasma	
and	liver	samples	(the	two	biological	samples	most	commonly	analysed	for	NN	compounds)	were	






After	 investigating	whether	exposure	occurs	on	an	 individual	 level	 in	 the	 field,	 the	 final	chapter	
focused	on	whether	this	exposure	is	translated	to	population-scale	effects	for	species	of	farmland	
bird	in	England.	This	chapter	used	long-term	datasets	collected	as	part	of	the	pesticide	usage	survey	






















































































primarily	used	 for	 crop	 seed	coatings;	 acetamiprid	 (ACE)	and	 thiacloprid	 (THC),	which	are	more	
often	used	as	foliar	or	ground	sprays	for	agricultural	purposes	(FERA,	2017);	followed	by	nitenpyram	
(NPM)	 and	 dinotefuran	 (DFN),	 which	 both	 have	 uses	 outside	 of	 agriculture	 (e.g.,	








ending	 in	 an	 electron-withdrawing	 terminal	 group,	 which	 differs	 depending	 on	 the	 specific	
compound	(Figure	1.1)	[6].	NNs	have	a	small	molecular	size	(between	250	and	300	g/mol)	and	are	
therefore	moderately-to-highly	water-soluble	 (184	to	590	mg/L)	 [7].	Solubility	 is	 inherent	to	the	












pentameric	 transmembrane	 proteins	 that	 respond	 to	 the	 neurotransmitter	 acetylcholine	 [10].	
There	are	many	variations	of	 these	proteins,	which	are	expressed	at	various	 locations	within	an	
organism’s	central	and	peripheral	nervous	system,	as	well	as	in	other	non-neural	and	non-muscle	






























































































more	 than	90%	of	 annual	UK	NN	applications	were	 in	 the	 form	of	 seed	 coatings	 [19],	with	 the	
amount	of	OSR	treated	with	NNs	rising	from	37.4	to	83.0%	between	2002	and	2011	[22].	Ground	





















There	 are	 multiple	 agencies	 worldwide	 that	 are	 responsible	 for	 conducting	 regulatory	 risk	
assessments	 for	 active	 substances,	 prior	 to	 their	 release	 onto	 the	 agrochemical	 market.	 Each	
agency	has	their	own	specific	ecological	risk	assessment	procedure,	but	overall	the	protocols	used	




and	 quantifying	 potential	 exposure	 pathways.	 These	 are	 collectively	 referred	 to	 as	 the	 toxicity	
exposure	 ratio	 (TER)	 approach,	whereby	 the	 hazard	 of	 a	 substance	 is	 directly	 compared	 to	 the	
estimated	 amount	 of	 the	 substance	 in	 the	 environment,	 to	 produce	 a	 TER	 value	 that	 is	 judged	
against	safety	thresholds	[24].	Unique	risk	assessment	protocols	are	usually	employed	for	different	
species	groups	and	pesticide	application	methods,	due	 to	 the	variation	 in	 the	 residue	unit	dose	
(RUD;	mg	of	toxicant	per	fresh	weight	of	material)	associated	with	different	application	techniques	



















unit	 (usually	mg	 of	 active	 substance	 per	 kg	 body	weight	 per	 day)	 so	 that	 they	may	 be	 used	 in	
conjunction	with	total	daily	intake	(TDI)	data	to	calculate	the	acute	and	long-term	TERs.	The	TDI	is	
calculated	 using	 the	 RUD	 relevant	 to	 the	 dietary	 component	 in	 the	 exposure	 pathway	 (in	 this	
example,	seed)	and	homogenous	dietary	data	for	‘generic’	focal	species.	In	this	example,	a	generic	







farmland	 bird	 species	 to	 assess	 the	 time	 spent	 in	 treated	 fields	 during	 periods	 of	 pesticide	
application,	 and	 the	 use	 of	 focal	 species	 to	 recalculate	 TDI	 values	 and	 subsequent	 TERs.	 The	
difference	between	‘generic	focal’	(tier	1)	and	‘focal’	species	(higher	tier),	is	that	the	former	refers	
to	 fictitious	 species	with	 generalised	 traits,	whilst	 the	 latter	 refers	 to	 real	 data	 for	 bird	 species	
known	to	inhabit	crop	types	where	the	substance	can	be	applied.	For	birds	specifically,	up	to	21	
avian	 focal	 species	are	available	as	part	of	 the	EFSA	 risk	assessment.	This	particular	 refinement	
allows	dietary	data	to	be	heterogeneous	and	based	on	the	proportion	of	time	each	species	spends	
in	each	crop	type	(e.g.,	a	more	realistic	estimate	of	TDI).	The	aim	of	using	field	data,	specific	species	

























invertebrates	 have	 called	 for	 regulatory	 procedures	 to	 be	 tightened,	 given	 the	 range	 of	 risks	
associated	 with	 systemic	 compounds	 in	 the	 wider	 ecosystem	 [28].	 Furthermore,	 an	 extensive	
report	 in	 the	 USA	 suggested	 that	 the	 Environmental	 Protection	 Agency	 (EPA)	 significantly	
underestimated	 the	 impact	of	NN	use	on	aquatic	 ecosystems	and	avian	 species	 in	 the	USA	 [4].	
Specifically,	the	authors	proposed	that	toxicity	to	birds	had	been	underestimated	by	a	factor	of	1.5-
10.0,	 and	 that	 concentrations	 of	 NNs	 in	 water	 bodies	 across	 North	 America	 are	 above	 safety	
thresholds	for	aquatic	food	chains	[4].	In	a	broader	sense,	concerns	have	also	been	raised	that	risk	
assessment	 protocols	 are	 not	 sufficiently	 spatially	 explicit	 (e.g.,	 exposure	 is	 assessed	 on	 a	 field	
rather	than	landscape-scale)	[23],	and	that	the	use	of	focal	and	test	species	to	estimate	the	risk	for	















that	 first	 generation	 NNs	 are	 highly	 toxic	 to	 bees	 [2].	 For	 example,	 the	 LD50	 for	 honeybees	 in	







also	 produced	 an	 overwhelming	 body	 of	 evidence	 to	 suggest	 that	 NN	 usage	 is	 detrimental	 to	

















number	and	prevalence	of	emerging	wildlife	diseases	has	 increased	 in	 line	with	patterns	of	NN	
usage	due	to	immune	suppression	across	non-target	organisms,	both	invertebrate	and	vertebrate	










NNs	 was	 largely	 restricted	 to	 CTD	 and	 THX	 seed	 treatments	 applied	 to	 winter	 sown	 cereals.	
However,	in	2015	following	lobbying	from	the	National	Farmers	Union,	the	UK	government	made	
an	allowance	to	apply	the	banned	compounds	for	up	to	120	days	on	OSR	crops	in	areas	that	were	











USA,	 the	 EPA	 highlighted	 the	 risks	 to	 invertebrates	 and	 took	 steps	 to	 improve	 labelling	 of	 NN	
products	 following	 the	 2013	 EU	 NN	 moratorium	 [41];	 however,	 specific	 restrictions	 were	 not	















within	 invertebrate	 and	 vertebrate	 physiology	 remains	 unknown.	 As	 binding	 affinity	 is	 not	
completely	 exclusive	 to	 insect	 species,	 the	potential	 impact	 of	 these	 compounds	on	non-target	
vertebrates	 should	 be	 considered.	 It	 has	 now	 been	 confirmed	 that	 initial	 risk	 assessments	
underestimated	the	effect	of	NNs	on	non-target	pollinator	species,	and	this	has	since	been	reflected	
in	changes	to	EU	agricultural	policies	relating	to	NN	use.	Despite	the	growing	body	of	research-led	










Worldwide,	 agricultural	 intensification	 is	 thought	 to	 be	 the	 largest	 threat	 to	 avian	 fauna	 [46].	





reported	 negative	 impacts),	 followed	 by	 habitat	 loss	 and	 alterations	 [47].	 Similarly,	 insecticide	
application	was	found	to	be	one	of	the	higher	ranking	variables	to	explain	farmland	bird	declines	in	


















the	 British	 Trust	 for	 Ornithology,	 Royal	 Society	 for	 the	 Protection	 of	 Birds,	 Defra	 and	 Joint	 Nature	
Conservation	Committee.	Reproduced	from	Defra	(2015)	[55].		
	
As	 yet,	 it	 is	 unclear	 whether	 NN	 applications	 specifically	 are	 contributing	 to	 farmland	 bird	
population	declines	in	the	wider	context	of	agricultural	intensification,	and	there	is	a	paucity	of	data	
with	 regards	 to	 the	 frequency	 and	 level	 at	 which	 birds	 are	 exposed	 to	 NNs	 in	 their	 natural	



















Table	 1.2.	 Toxicity	 thresholds	 for	 neonicotinoid	 compounds	 provided	 by	
commercially	prescribed	studies.	Reproduced	from	Mineau	&	Palmer,	2013	(Table	
2.1	and	3.1)	[4].	




mg/kg/bw	 ppm	 ppm	 ppm	
IMI	
Bobwhite	 152	 120	 240	 0-240	
Mallard	 283	 120	 240	 0-240	
Canary	 25-50	 	n/a	 	n/a	 	n/a	
Grey	partridge	 15	 	n/a	 	n/a	 	n/a	
Japanese	quail	 31	 	n/a	 	n/a	 	n/a	
Rock	Dove	 25-50	 	n/a	 	n/a	 	n/a	
House	
sparrow	
41	 	n/a	 	n/a	 	n/a	
CTD	
Bobwhite	 >2000	 500	 n/a	 0-500	
Mallard	 >752	 250	 525	 0-500	
Japanese	quail		 430	 		 		 		
ACE	
Bobwhite	 180	 250-400	 500-800	 100-800	
Mallard	 98	 125	 250	 62.5-500	
Zebra	finch	 5.7	 	n/a	 n/a	 n/a	
THX	
Bobwhite	 1552	 300	 900	 100-900	
Mallard	 576	 300	 900	 100-900	
THC	
Bobwhite	 2716	 466	 n/a	 53-466	























of	avian	species	would	be	 required	 to	 fully	understand	behaviour	of	each	NN	compound	within	
avian	anatomy,	and	any	differences	thus	far	observed.	These	data	would	be	useful	for	determining	








However,	 the	RUD	a	bird	 is	 subject	 to	as	a	 result	of	 these	exposure	 routes	 is	 likely	 to	be	much	
smaller	than	the	amount	that	could	be	ingested.	The	ingestion	of	NNs	may	take	place	via	the	same	
three	application	methods	(seed	treatments,	foliar	and	ground	sprays),	but	the	ingestion	of	treated	
seed	 specifically	 is	 likely	 to	 pose	 the	 greatest	 risk,	 as	 the	majority	 of	 NNs	 are	 applied	 as	 seed	
coatings	[19,	21]	and	a	single	seed	can	contain	up	to	1.34	mg	of	NNs	[4].	NNs	originating	from	seed	
treatments	 can	 also	 be	 dispersed	 throughout	 other	 components	 of	 avian	 habitat	 at	 differing	
concentrations	due	to	several	factors,	including	high	compound	solubility,	systemic	plant	uptake,	
and	long	half-lives	[7],	resulting	in	many	potential	pathways	of	dietary	exposure	to	wild	birds	(Figure	























According	 to	 industry	 guidelines,	 one	 seed	 can	 contain	 between	 0.012	 and	 1.34	 mg	 of	 NN,	
depending	on	the	compound	used	and	the	crop	type	to	which	it	is	applied	[4];	however,	thus	far	
there	are	few	data	for	the	variability	of	the	amount	of	NN	compound	found	on	seeds	in	situ.	When	


















































Newly	 available	 data	 suggest	 that	 there	 can	 be	 both	 lateral	 and	 vertical	 transportation	 of	 NNs	
within	soils	from	treated	seeds,	which	is	exacerbated	by	precipitation	[79].	The	time	during	which	
NNs	 can	 transported	 from	 seed	 coatings	 is	 limited	 by	 each	 compound’s	 DT50	 value	 [67],	which	
ranges	considerably	between	soil	types	and	can	be	relatively	large	[7,	14];	across	all	NN	compounds,	
DT50	values	in	soil	are	reported	to	be	between	3.4	and	1,230	days	[7].	It	is	therefore	possible	that	
some	NNs	may	move	 throughout	 the	 environment	 and	 accumulate	over	 time,	 particularly	with	
repeated	applications	to	the	same	areas	of	agricultural	land.	In	one	study,	IMI	was	recorded	in	91%	

























Comparatively,	 there	 is	 evidence	 to	 suggest	 that	 vertebrate	prey	 items	 (such	as	eggs	and	 small	












season,	 it	does	not	quantify	 the	 level	of	NN	compound	within	an	 individual’s	 system,	 therefore	
making	 it	difficult	 to	estimate	 the	 impact	 that	 this	exposure	will	have.	Moreover,	 radio-tracking	
techniques	are	only	able	to	provide	an	estimate	for	the	level	of	exposure,	rather	than	confirmation,	





ingestion	of	NN	 compounds	 can	be	unequivocally	 confirmed	 and	 some	measure	of	 the	 level	 of	
exposure	is	possible.	To	date,	NN	residues	have	been	measured	in	wild	birds	by	analysing	various	
samples	including	blood	plasma,	liver,	feathers	and	eggs	(Table	1.3),	while	some	studies	have	also	
recorded	concentrations	of	NNs	 in	 the	crop	or	gizzards	of	avian	species	 to	confirm	 (rather	 than	
measure)	exposure	[87,	88].	The	disadvantage	of	using	biological	samples	is	the	associated	cost	to	
animal	 welfare,	 particularly	 when	 sample	 collection	 is	 invasive	 (e.g.,	 blood);	 however,	 when	
considering	 the	 potential	 impact	 of	 a	 toxicant	 on	 multiple	 species	 and	 avian	 populations,	 the	
benefit	of	these	data	may	outweigh	the	welfare	implications.	This	trade	off	highlights	the	need	for	
effective,	non-invasive	biomonitoring	techniques,	which	if	in	existence	and	employed	effectively,	
may	be	of	significant	benefit	 to	 farmland	birds	with	regards	to	the	use	of	agrochemicals	 [89].	A	
candidate	sample	type	in	this	instance	is	feathers,	which	have	been	successfully	utilised	in	one	study	
to	quantify	NN	exposure	over	a	 large	area	[90].	However,	one	disadvantage	to	this	technique	at	




















































Colinus	virginianus	 57	 12	 n/a	 <LOQ	 <LOQ	 ng/g	
Liver	 Botha	et	al.	(2018)		
[93]	



















98	 17	 CTD,	IMI,	THX	 3.65	 62.29	 ng/g	
Feather	 Humann-Guilleminot	et	al.	
(2018)	[90]	









8*	 75	 IMI	 0.068	 1.96	 ng/mL	
Eggs	 Bro	et	al.	(2016)	
[83]	










The	mode	 of	 action	 for	 NNs	 in	 birds	 is	 poorly	 understood.	 However,	 agonists	 of	 the	 nAChR	 in	
vertebrates	 can	 result	 in	 disruption	 to	 neurotransmitters,	 gene	 expression,	 cognition,	 immune	
function	 and	 other	 cholinergic	 pathways	 (such	 as	 angiogenesis;	 Table	 1.1),	 and	 it	 is	 therefore	
possible	that	exposure	to	NNs	may	produce	multiple	symptoms	in	avian	species.	Tests	performed	
by	industry	during	compound	development	provide	a	measure	of	lethality	(LD50)	and	reproductive	
endpoints	as	 standard,	but	 the	protocols	used	are	 restrictive	and	are	often	unrepresentative	of	
natural	conditions.	Outside	of	regulatory	ecotoxicological	studies,	a	growing	number	of	research-
led	 experiments	 have	 investigated	 other	 sub-lethal	 effects	 in	 addition	 to	 those	 associated	with	
reproduction	(Table	1.4).	Overall	the	number	of	study	species	is	small,	and	due	to	the	welfare	costs	
and	time	requirements,	there	are	a	paucity	of	large	data	sets.	Despite	this,	a	wide	range	of	adverse	





















Reference	 Year	 Compound	 Sub-lethal	effect	
Details	 Species	 Scientific	name	
Humann-
Guilleminot	[97]	 2019	 ACE	 Reproductive	 Decline	in	sperm	density	and	SOD	activity	 Zebra	finch	 Taeniopygia	guttata	






Ravikanth	[99]	 2018	 IMI	 Biometric	 Decrease	in	GSH	and	serum	total	protein;	increase	in	serum	ALP	 Chicken	
Gallus	gallus	
domesticus	

















































































































Reference	 Year	 Compound	 Sub-lethal	effect	 Details	 Species	 Scientific	name	
Goyal	&	




[109]	 2012	 IMI	 Immunosuppression	 Decrease	in	humoral	responses	 Chicken	
Gallus	gallus	
domesticus	
Balani	[110]	 2011	 IMI	 Immunosuppression	 Decrease	in	the	total	number	of	leukocytes	 Chicken	 Gallus	gallus	domesticus	














Very	 few	papers	 consider	how	 the	 sub-lethal	effects	of	NNs	on	avian	physiology	and	behaviour	




























exposure	 pathway	 to	 explain	 this	 association.	 Several	 studies	 have	 indeed	 found	 that	 insect	
populations	have	been	negatively	 impacted	by	 long-term	NN	use	[22],	but	 to	date	no	study	has	











Some	 bird	 species	 may	 be	 more	 susceptible	 to	 NN	 exposure	 than	 others,	 depending	 on	 the	
heterogeneity	 of	 the	 diet	 and	 the	 composition	 of	 NN-related	 food	 items	within	 it.	 In	 addition,	
foraging	behaviours	and	time	spent	handling	food	items	may	also	influence	the	level	of	exposure	a	
bird	 is	 subject	 to.	For	example,	up	 to	85%	of	NN	applied	 to	 seeds	can	be	 lost	when	 the	husk	 is	





NN	 exposure	 via	 seed	 treatments	 [64].	 Conversely,	 insectivorous	 species,	 or	 those	 that	 rely	 on	
insect	prey	items	when	raising	young,	should	also	be	considered.	Although	these	species	are	not	
vulnerable	 to	 NN	 exposure	 via	 the	 ingestion	 of	 treated	 seed,	 they	may	 be	 predisposed	 to	 the	
indirect	effects	of	NNs	via	the	 loss	of	 insect	prey	 items.	Overall,	 it	 is	unlikely	 that	any	particular	






crops	may	not	be	pertinent	 to	potential	 reproductive	endpoints,	 unless	 the	 species	 in	question	




In	 these	 instances,	both	 spring-	 and	winter-sown	crops	 could	 cause	exposure	during	vulnerable	
periods	of	 time	 for	many	 species.	Additionally,	 the	 effects	 of	 toxins/contaminants	 on	 the	 avian	
endocrine	system	are	 reported	 to	be	more	significant	 in	migrant	bird	species,	due	 to	additional	
energy	expenditures	associated	with	long-distance	travel	[117].	NNs	specifically	have	already	been	
shown	 to	affect	navigational	ability	and	body	weight	 in	a	migrant	 species	of	bird	 [103],	but	 the	














an	 individual	 to	 a	 population-level	 change.	 In	 the	 case	 of	 NNs	 and	 birds,	 we	 know	 that	 avian	
physiology	can	be	impacted	by	the	NN	mode	of	action.	We	also	know	that	NNs	cause	both	acute	
and	chronic	toxicity,	manifesting	in	various	physiological	and	behavioural	changes	in	a	laboratory	





This	paucity	of	 field-based	studies	needs	 to	be	addressed	 to	better	understand	 the	 relationship	
between	NNs	and	farmland	birds,	with	an	aim	to	quantify	the	frequency	and	level	of	exposure,	as	
well	as	any	associated	effects	among	bird	communities	in	situ.	In	doing	so,	conclusions	related	to	
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Clothianidin-treated	 seeds	 were	 found	 on	 the	 soil	 surface	 at	 all	 farms	 surveyed	 at	 an	 average	
density	 of	 2.8	 seeds/m2,	 and	 with	 seed	 spillages	 recorded	 at	 17	 out	 of	 25	 farms.	 The	 initial	
concentration	of	clothianidin	 in	seeds	(median:	254.5	μg/g)	varied	around	the	target	application	
rate,	 whilst	 crop	 seedlings	 contained	 on	 average	 5.9%	 of	 the	 clothianidin	 measured	 in	 seeds.	
Exposure	was	confirmed	in	32%	of	bird	species	observed	in	treated	fields	(n	=	66).	Clothianidin	was	




Results	 here	 provide	 clear	 evidence	 that	 a	 variety	 of	 farmland	 birds	 are	 subject	 to	 clothianidin	
exposure	 following	normal	agricultural	 sowing	of	 clothianidin-treated	cereal	 seed.	 Furthermore,	
the	 widespread	 availability	 of	 seeds	 at	 the	 soil	 surface	 was	 identified	 as	 a	 primary	 source	 of	
exposure.	Overall,	 these	data	 are	 likely	 to	have	 global	 implications	 for	bird	 species	 and	 current	








the	 most	 widely	 used	 class	 of	 systemic	 insecticide	 in	 agricultural	 practice,	 consisting	 of	 seven	









concerns	 have	 also	 been	 raised	 regarding	 their	 potential	 effect	 on	 other	 non-target	 species,	
particularly	farmland	birds	[4-6].		
	
Over	 the	 last	 50	 years,	 farmland	 birds	 have	 undergone	 substantial	 population	 declines	 across	
Europe	 and	 North	 America	 that	 have	 been	 attributed	 to	 agricultural	 intensification,	 of	 which	






LD50	 for	 bobwhite	 quail	 Colinus	 virginianusis	 is	 152	 mg/kg/body	 weight	 for	 IMI,	 but	
>2000	mg/kg/body	weight	for	CTD	[12].	In	aviary	conditions,	NNs	are	also	known	to	cause	sub-lethal	
















































domesticus	 and	 found	 100%	 prevalence	 of	 NNs	 (consisting	 of	 five	 compounds)	 in	 146	 pooled	
samples	collected	from	62	farms	across	the	Swiss	plateau	[41].		
	
Thus,	 there	 is	 evidence	 that	 a	 range	of	 farmland	birds	have	 the	potential	 to	be	exposed	 to	NN	
treated	seeds	and	that	residues	of	NNs	can	be	detected	in	biological	samples	taken	from	birds.	To	
link	these	lines	of	evidence	together	and	form	an	understanding	of	the	entire	exposure	pathway	
for	 NN	 treated	 seeds,	 we	 conducted	 a	 field-based	 study	 that	 investigated	 patterns	 of	 NN	
(specifically	 CTD)	 exposure	 within	 a	 typical	 farmland	 bird	 community,	 via	 treated	 seeds	 sown	
according	 to	 standard	 agricultural	 practice.	 The	 objectives	 of	 the	 study	 were	 to:	 1)	 measure	
availability	 of	 treated	 seeds	 on	 the	 soil	 surface	 after	 sowing;	 2)	 quantify	 CTD	 concentrations	 in	
treated	seeds	and	seedlings	collected	from	the	field;	3)	identify	avian	species	that	may	be	exposed	

























Fields	sampled	at	each	farm*	 1	 1	 1	 2	 2	 2	 2	 1	 1	 2	 1	 1	 1	 1	 1	 2	 2	 2	 2	 2	 2	 2	 1	 2	 2	 39	 n/a	
Seed	density	surveys	 5	 5	 5	 8	 8	 3	 8	 5	 3	 8	 5	 3	 3	 3	 5	 7	 8	 8	 7	 8	 8	 7	 5	 8	 8	 151	 25	
Seed	samples	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 110	 15	
										Pooled	 	 	 	 6	 7	 	 6	 5	 	 4	 	 	 	 	 3	 1	 5	 7	 7	 3	 4	 3	 	 5	 7	 73	 15	
										Individual	 	 	 	 	 8	 	 	 10	 	 	 	 	 	 	 	 	 	 9	 	 	 	 	 	 10	 	 37	 4	
Seedling	samples	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 88	 13	
										Pooled	 	 	 	 1	 4	 	 3	 	 	 	 	 	 	 	 	 2	 2	 1	 3	 2	 4	 1	 	 4	 1	 28	 12	
										Individual	 	 	 	 10	 	 	 9	 20	 	 	 	 	 	 	 	 	 	 21	 	 	 	 	 	 	 	 60	 4	
Bird	surveys	 5	 5	 5	 10	 8	 5	 9	 5	 4	 10	 4	 6	 5	 5	 5	 8	 10	 10	 8	 9	 8	 9	 5	 10	 9	 177	 25	


















CTD-treated	wheat	 seedlings	were	 collected	 from	20	 fields	 across	 a	 subset	 of	 13	 farms.	Whole	
seedlings	 inclusive	of	 roots	and	shoots	 (as	extracted	 from	soil)	were	collected	 from	each	site	 in	
















least	 100	 m).	 The	 location	 (field	 boundary,	 centre	 or	 headland)	 and	 number	 of	 each	 species	






placed	 at	 40	 such	 seed	 piles	 across	 18	 farms	 and	 remained	 active	 until	 seeds	 were	 depleted.	





































In	 total,	 111	 seeds	 (73	 pooled,	 38	 individual	 samples),	 93	 seedlings	 (32	 pooled,	 61	 individual	
samples),	 and	 96	 plasma	 samples	 from	 individual	 birds	 were	 analysed	 for	 CTD	 using	 liquid	
chromatography-tandem	 mass	 spectrometry	 (LC-MS/MS;	 see	 Supplementary	 Note	 2.S1	 for	
extraction	and	LC-MS/MS	method	details).	Three	protocols	were	used	during	each	LC-MS/MS	batch	





samples)	 and	 consistency	 (between-batch	 analyte	 linearity).	 Recovery	 for	 the	 total	 procedure	was	
calculated	using	the	labelled	standards	and	all	residue	data	were	recovery	corrected.	Ten	samples	(2	






expanded	uncertainty	of	 the	method.	 The	expanded	uncertainty	 for	CTD	was	 calculated	using	 the	


























Seed	densities	 		 		 		
log(mean	SD	per	site,	per	





Bird	abundance	data	 		 		 		
bird	abundance	(per	survey,	
per	species	guild)	 ~	 mean	SD	(per	site,	per	survey)	 (1|field)	






































species	where	agricultural	 seed	was	 ‘absent’	 from	 the	diet	 (those	 species	where	 the	previously	






condition	 or	 haematocrit	 score	 differed	 between	 those	 individuals	where	 CTD	was	 detected	 in	
plasma	samples,	compared	to	those	where	it	was	not.	To	standardise	bird	weight	as	a	parameter	
across	multiple	species,	the	percentage	difference	between	the	recorded	weight	of	birds	at	capture	































































Number	of	days	post-sowing	 -0.14	 0.01	 <0.001	

































squares	represent	 the	concentration	of	CTD	 in	each	seedling	sample	 (individual	and	pooled).	Black	circles	
represent	 the	weight	 of	 each	 seedling;	 data	 points	 are	 either	 the	weight	 of	 an	 individual	 seedling	 or	 an	
estimate	of	individual	seedling	weight	calculated	by	dividing	the	weight	of	a	pooled	sample	by	the	number	of	
seedlings	 in	 that	 pool.	 All	 samples	 with	 a	 concentration	 >15	 μg/g	 are	 seedlings	 that	 were	 analysed	





























those	 collected	 5-13	 weeks	 post-sowing	 (representative	 of	 the	 two	 seedling	 growth	 stages	




The	concentration	of	CTD	measured	 in	 individual	 seedlings	 ranged	between	0.1	and	104.5	μg/g	
(mean:	4.8	±	1.8	μg/g),	with	coefficients	of	variation	for	groups	of	individual	seedlings	from	each	





A	 total	 of	 65	 bird	 species	 were	 recorded	 in	 fields	 sown	 with	 treated	 seed	 during	 the	 surveys	
undertaken	 in	2015	and	2016	(Table	2.S2).	Songbirds	made	up	the	 largest	proportion	of	species	
observed	in	treated	fields	throughout	the	study	period,	whilst	gulls	accounted	for	several	of	the	
larger	 numbers	 of	 birds	 observed	 (Figure	 2.S1A).	 Starlings	 Sturnus	 vulgaris	 were	 the	 most	























Disp	 Est	 SE	 p-value	
Bird	abundance	~	seed	density	
Species	with	agricultural	crop	seed	absent	in	diet	 37	 1.09	 0.07	 0.08	 0.418	
Species	with	agricultural	crop	seed	present	in	diet	 34	 1.27	 0.26	 0.07	 <0.001	
Bird	abundance	(species	with	agricultural	seed	present	in	diet,	split	by	taxonomic	guild)	~	seed	density	
Buntings	(Emberizidae)	 2	 0.41	 0.38	 0.16	 0.018	
Crows	(Corvidae)	 5	 0.68	 0.20	 0.14	 0.148	
Finches	(Fringillidae)	 3	 0.45	 0.17	 0.22	 0.447	
Gamebirds	(Phasianidae)	 3	 0.53	 0.25	 0.14	 0.083	
Gulls	(Laridae)	 5	 0.38	 0.16	 0.20	 0.408	
Other	passerines	(Alaudidae,	Passeridae,	Prunellidae,	Sturnidae)*	 4	 0.58	 0.43	 0.18	 0.015	
Pigeons	&	doves	(Columbidae)	 4	 0.55	 0.23	 0.17	 0.194	
Thrushes	(Turdidae)		 1	 0.59	 0.18	 0.14	 0.193	
Sub-lethal	effect	~	concentration	of	CTD	in	plasma	
Weight	 (70)	 0.89	 -0.006	 0.01	 0.451	
Body	condition	 (70)	 0.002	 -0.002	 0.01	 0.208	








































(g)	 (n)	 	 Mean	 SE	 Max	 	 LD50	 NOAEL	 	 LD50	 NOAEL	
Woodpigeon	 Columba	palumbus	 507	 115	 9.37	 1.63	 152	 0.2	 4.0	 3.2	 65.2	
Dunnock	 Prunella	modularis	 21	 4	 2.25	 0.48	 3	 1.1	 23.3	 1.5	 31.1	
Chaffinch	 Fringilla	coelebs	 22	 14	 1.36	 0.17	 3	 0.7	 13.4	 1.5	 29.6	
House	Sparrow	 Passer	domesticus	 27	 16	 1.81	 0.16	 3	 0.7	 14.6	 1.2	 24.2	
Feral	Pigeon	 Columba	livia	domestica	 360	 4	 19.25	 6.88	 37	 0.6	 11.6	 1.1	 22.3	
Magpie	 Pica	pica	 213	 34	 4.29	 0.54	 13	 0.2	 4.4	 0.7	 13.3	
Red-legged	Partridge	 Alectoris	rufa	 530	 48	 6.42	 0.78	 28	 0.1	 2.6	 0.6	 11.5	
Robin	 Erithacus	rubecula	 19	 4	 1.00	 0.00	 1	 0.6	 11.4	 0.6	 11.4	
Jay	 Garrulus	glandarius	 167	 1	 7.00	 n/a	 7	 0.4	 9.1	 0.4	 9.1	
Grey	Partridge	 Perdix	perdix	 490	 31	 5.55	 0.88	 20	 0.1	 2.5	 0.4	 8.9	
Carrion	Crow	 Corvus	corone	 509	 61	 5.05	 0.62	 19	 0.1	 2.2	 0.4	 8.1	
Rook	 Corvus	frugilegus	 452	 8	 3.88	 1.38	 13	 0.1	 1.9	 0.3	 6.3	
Pheasant	 Phasianus	colchicus	 1200	 21	 6.95	 1.42	 22	 0.1	 1.3	 0.2	 4.0	
Stock	Dove	 Columba	oenas	 326	 1	 5.00	 n/a	 5	 0.2	 3.3	 0.2	 3.3	
































Total	 ND	 POS	 %	 Minimum	 Maximum	 Median	 IQR	
Yellowhammer	 Emberiza	citrinella	 10	 3	 7	 70	 2.0	 69300	 29.4	 4530	
House	sparrow	 Passer	domesticus	 5	 3	 2	 40	 6740	 7500	 7120	 380	
Tree	sparrow	 Passer	montanus	 9	 3	 6	 60	 3.3	 4880	 22.5	 37.2	
Chaffinch	 Fringilla	coelebs	 9	 2	 7	 78	 0.6	 352	 29.3	 1000	
Dunnock	 Prunella	modularis	 15	 10	 5	 30	 0.5	 444	 3.7	 54.3	
Blackbird	 Turdus	merula	 7	 2	 53	 71	 2.4	 127	 9.4	 8.0	
Reed	bunting	 Emberiza	schoeniclus	 6	 5	 1	 15	 3.0	 3.0	 3.0	 0.0	
Starling	 Sturnus	vulgaris	 0	 0	 01	 n/a	 2.0	 2.0	 2.0	 0.0	
Robin	 Erithacus	rubecula	 1	 0	 1	 100	 1.7	 1.7	 1.7	 0.0	
Goldfinch	 Carduelis	carduelis	 8	 6	 2	 25	 0.8	 1.4	 1.1	 0.3	









(with	 five	or	more	positive	 samples;	 Kruskall-Wallis	c24	 =	2.4,	p	=	0.662;	 Table	2.6).	 For	 species	
where	 measurements	 of	 CTD	 concentration	 in	 plasma	 were	 available,	 four	 were	 observed	












sowing	 (Table	 2.4).	 There	was	weak	 evidence	 that	 bird	weight	 varied	with	 the	 hour	 of	 capture	
(Kruskall-Wallis	c25	=	9.9,	p	=	0.076)	and	evidence	that	haematocrit	score	differed	between	species	
(Kruskall-Wallis	c29	=	42.2,	p	<	0.001)	in	samples	collected	post-sowing.	Two	individuals	with	the	







period.	 Exposure	 was	 identified	 via	 direct	 observations	 of	 CTD	 ingestion	 via	 treated	 seed	 (15	
species)	and/or	the	presence	of	CTD	residue	in	plasma	(10	species),	in	approximately	one	third	of	
all	species	observed	in	CTD-treated	fields.	The	median	concentration	of	CTD	residue	recorded	in	













































and	 Lincolnshire	 that	were	 sown	with	 CTD-treated	 seeds.	Of	 these,	 exposure	was	 confirmed	 in	


















house	 sparrow	 feather	 samples	 (each	 pool	 contained	 one	 feather	 from	 three	 individuals)	 [41].	
When	comparing	these	data,	differences	in	sample	type,	time	of	sampling	(in	relation	to	exposure)	

















median	 concentration	 across	 all	 positive	 samples	 of	 12	 ng	 CTD/mL,	 whilst	 the	 maximum	
concentration	recorded	(in	one	yellowhammer)	was	69,300	ng	CTD/mL.	As	this	is	the	first	study	to	





Surveys	 in	East	Anglia	confirmed	 that	 surface	seed	densities	were	a	 significant	predictor	of	bird	
abundance	 in	 treated	 fields	 for	 species	 groups	 such	 as	 buntings	 and	 passerines,	 as	 well	 as	
gamebirds.	 These	 findings	 tally	 with	 those	 species	 that	 were	 seen	 to	 have	 the	 highest	
concentrations	of	CTD	 in	plasma	 samples	 (such	as	 yellowhammer	and	 tree	 sparrow),	 as	well	 as	
multiple	 gamebird	 species	 that	 were	 observed	 consuming	 treated	 seeds	 at	 seed	 piles.	
Unfortunately,	only	one	plasma	sample	was	obtained	for	starling,	which	was	the	species	that	made	





and	 blackbird	 are	 not	 typically	 known	 to	 consume	 cereal	 seed	 [23],	 and	 therefore	 alternative	








haematocrit	 and	 body	 weight	 (both	 of	 which	 have	 previously	 been	 found	 to	 be	 negatively	
associated	with	IMI	exposure	[17,	55]),	as	well	as	body	condition,	as	indicators	for	adverse	effects	
of	CTD	exposure	in	the	field.	We	did	not	find	any	associations,	but	as	we	were	not	able	to	account	














plasma	 concentrations	 (8,800	 and	 69,300	 ng/mL)	 exhibited	 intoxication	 symptoms	 at	 time	 of	
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samples)	 were	 tested	 for	 CTD	 using	 liquid	 chromatography-tandem	 mass	 spectrometry	 (LC-
MS/MS).	Sample	protocols	were	developed	from	the	methodology	used	in	Woodcock	et	al.	(2018)	











Analysis	 was	 performed	 using	 a	 LC	 coupled	 to	 a	 triple	 quadrupole	 ‘Quantum	 Ultra	 TSQ’	 mass	
spectrometer	 (Thermo	 Fisher	 Scientific;	 Hemel	 Hemsptead,	 UK),	 interfaced	 with	 ion	 max	
electrospray	ionisation	(ESI)	and	operated	with	XcaliburTM	(V.2.0.7;	Thermo	Fisher	Scientific;	Hemel	











































Dunnock	 Prunella	modularis	 25	 6	
Chaffinch	 Fringilla	coelebs	 17	 6	
Goldfinch	 Carduelis	carduelis	 14	 3	
Tree	sparrow	 Passer	montanus	 14	 3	
Blackbird	 Turdus	merula	 12	 5	
Yellowhammer	 Emberiza	citrinella	 10	 2	
House	sparrow	 Passer	domesticus	 7	 2	
Reed	bunting	 Emberiza	schoeniclus	 6	 3	
Greenfinch	 Chloris	chloris	 2	 1	
Robin	 Erithacus	rubecula	 2	 2	
Starling	 Sturnus	vulgaris	 1	 1	
Blue	tit	 Cyanistes	caeruleus	 0	 0	
Bullfinch	 Pyrrhula	pyrrhula	 0	 0 
Collared	dove	 Streptopelia	decaocto	 0	 0 
Corn	bunting	 Emberiza	calandra	 0	 0 
Feral	pigeon	 Columba	livia	domestica	 0	 0 
Great	tit	 Parus	major	 0	 0 
Long-tailed	tit	 Aegithalos	caudatus	 0	 0 
Meadow	pipit	 Anthus	pratensis	 0	 0 
Mistle	thrush	 Turdus	viscivorus	 0	 0 
Song	thrush	 Turdus	philomelos	 0	 0 
Stock	dove	 Columba	oenas	 0	 0 
Wood	pigeon	 Columba	palumbus	 0	 0 











Species	 A)		 B)	 C)	



















































Corn	bunting	 Emberiza	calandra	 Bunting	 		 		 	   na	
Yellowhammer	 Emberiza	citrinella	 Bunting	 		 		 		 	  		
Collared	dove	 Streptopelia	decaocto	 Columbid	 		 		 	   na	
Feral	pigeon	 Columba	livia	domestica	 Columbid	 	 		 	 		 		 na	
Stock	dove	 Columba	oenas	 Columbid	 		 		 		 		 		 na	
Wood	pigeon*	 Columba	palumbus	 Columbid	 		 		 		 		 		 		
Carrion	crow	 Corvus	corone	 Corvid	 		 		 		 		 		 na	
Jackdaw	 Corvus	monedula	 Corvid	 		 		 		 		 		 na	
Jay	 Garrulus	glandarius	 Corvid	 		 	  		 		 na	
Magpie	 Pica	pica	 Corvid	 		 		 		 		 		 na	
Rook	 Corvus	frugilegus	 Corvid	 		 		 		 		 		 na	
Chaffinch	 Fringilla	coelebs	 Finch	 		 		 		 		 		 		
Greenfinch	 Chloris	chloris	 Finch	 		 	     
Linnet	 Linaria	cannabina	 Finch	 		 		 		 		 	 na	
Grey	partridge*	 Perdix	perdix	 Gamebird	 		 		 	 		 		 		
Pheasant*	 Phasianus	colchicus	 Gamebird	 		 		 		 		 		 		
Red-legged	partridge*	 Alectoris	rufa	 Gamebird	 		 		 		 		 		 		
Black-headed	gull	 C.	ridibundus	 Gull	 	 		 		 		 	 na	
Common	gull	 Larus	canus	 Gull	 	 		 	   na	
Great	black	backed	gull	 Larus	marinus	 Gull	 	 		 	   na	
Herring	gull	 Larus	argentatus	 Gull	 	 		 	   na	
Lesser	black	backed	gull	 Larus	fuscus	 Gull	 	 		 	   na	
Dunnock	 Prunella	modularis	 Other	passerine	 		 	 		 		 		 		
House	sparrow	 Passer	domesticus	 Other	passerine	 		 	  		 		 		
Tree	sparrow	 Passer	montanus	 Other	passerine	 Not	observed	at	EA	sites	 		
Shorelark	 Eremophila	alpestris	 Other	passerine	 	 		 	   na	
Skylark	 Alauda	arvensis	 Other	passerine	 		 		 		 	  na	
Starling	 Sturnus	vulgaris	 Other	passerine	 		 		 		 		 	 		
Robin	 Erithacus	rubecula	 Thrush	 		 		 		 		 		 		
Crane	 Grus	grus	 Waterbird	 	 		 	   na	
Mallard	 Anas	platyrhynchos	 Waterbird	 		 	    na	
Moorhen	 Gallinula	chloropus	 Waterbird	 		 	    na	
Mute	swan	 Cygnus	olor	 Waterbird	 		 	    na	














Species	 A)	 B)	 C)	



















































Reed	bunting	 Emberiza	schoeniclus	 Bunting	 		 		 	   		
Bullfinch	 Pyrrhula	pyrrhula	 Finch	 		 	    na	
Goldfinch	 Carduelis	carduelis	 Finch	 		 		 	   		
Chiff	chaff	 Phylloscopus	collybita	 Other	passerine	 		 		 	   na	
Goldcrest	 Regulus	regulus	 Other	passerine	 		 	    na	
Meadow	pipit	 Anthus	pratensis	 Other	passerine	 		 		 		 	  na	
Pied	wagtail		 Motacilla	alba	 Other	passerine	 		 		 		 		 	 na	
Stone-curlew	 Burhinus	oedicnemus	 Other	passerine	 		 	    na	
Treecreeper	 Certhia	familiaris	 Other	passerine	 		 	    na	
Wheater	 Oenanthe	oenanthe	 Other	passerine	 		 		 	   na	
Whitethroat	 Sylvia	communis	 Other	passerine	 	 		 	   na	
Wren	 Troglodytes	troglodytes	 Other	passerine	 		 	    na	
Barn	owl	 Tyto	alba	 Raptor	 		 	    na	
Buzzard	 Buteo	buteo	 Raptor	 		 		 	   na	
Kestrel	 Falco	tinnunculus	 Raptor	 		 		 	   na	
Sparrowhawk	 Accipiter	nisus	 Raptor	 	 		 	   na	
Blackbird	 Turdus	merula	 Thrush	 		 		 		 		 	 		
Feidlfare	 Turdus	pilaris	 Thrush	 		 		 	   na	
Mistle	thrush	 Turdus	viscivorus	 Thrush	 		 		 		 	  na	
Redwing	 Turdus	iliacus	 Thrush	 		 		 		 	  na	
Song	thrush	 Turdus	philomelos	 Thrush	 		 		 		 		 	 na	
Blue	tit	 Cyanistes	caeruleus	 Tit	 		 	    na	
Great	tit	 Parus	major	 Tit	 		 	    na	
Long-tailed	tit	 Aegithalos	caudatus	 Tit	 		 	    na	
Golden	plover	 Pluvialis	apricaria	 Wader	 	 		 	 		 	 na	
Grey	heron	 Ardea	cinerea	 Waterbird	 		 		 	   na	
Lapwing	 Vanellus	vanellus	 Wader	 	 		 		 		 	 na	
Little	ringed	plover	 Charadrius	dubius	 Wader	 		 	    na	
Little	egret	 Egretta	garzetta	 Wader	 		 	    na	
Snipe	 Gallinago	gallinago	 Wader	 		 		 	   na	
Green	woodpecker	 Picus	viridis	 Woodpecker	 		 	    na	
Greater-spotted	















English	name	 Latin	 Med	 Min	 Max	
Birds	 		 		 		 		 		
Woodpigeon*	 Columba	palumbus	 353	 0.5	 0.5	 11	
Starling	 Sturnus	vulgaris	 256	 0.5	 0.5	 2	
Red-legged	Partridge*	 Alectoris	rufa	 167	 1	 0.5	 5	
Carrion	Crow*	 Corvus	corone	 91	 0.5	 0.5	 6	
Pheasant*	 Phasianus	colchicus	 72	 0.5	 0.5	 4	
Grey	Partridge*	 Perdix	perdix	 52	 1	 0.5	 4	
Magpie*	 Pica	pica	 47	 0.5	 0.5	 8	
Rook*	 Corvus	frugilegus	 45	 0.5	 0.5	 11	
Chaffinch*	 Fringilla	coelebs	 38	 0.5	 0.5	 1	
House	Sparrow*	 Passer	domesticus	 30	 0.5	 0.5	 1	
Jackdaw*	 Corvus	monedula	 16	 0.5	 0.5	 6	
Lapwing	 Vanellus	vanellus	 14	 0.75	 0.5	 4	
Linnet	 Linaria	cannabina	 13	 0.75	 0.5	 1	
Robin*	 Erithacus	rubecula	 11	 0.5	 0.5	 0.5	
Feral	Pigeon*	 Columba	livia	domestica	 8	 3.25	 0.5	 9	
Dunnock*	 Prunella	modularis	 5	 0.5	 0.5	 1	
Black-headed	Gull	 Chroicocephalus	ridibundus	 3	 0.75	 0.5	 1	
Jay*	 Garrulus	glandarius	 3	 1	 0.5	 2	
Song	Thrush	 Turdus	philomelos	 3	 0.5	 0.5	 0.5	
Blackbird	 Turdus	merula	 2	 0.5	 0.5	 0.5	
Golden	Plover		 Pluvialis	apricaria	 2	 0.5	 0.5	 0.5	
Stock	Dove*	 Columba	oenas	 2	 2.25	 0.5	 4	
Pied	Wagtail	 Motacilla	alba	 1	 0.5	 0.5	 0.5	
Mammals	 		 		 		 		 		
Hare	 Lepus	europaeus	 189	 0.5	 0.5	 24	
Mouse*	 Mus	musculus	 162	 0.5	 0.5	 17	
Rabbit*	 Oryctolagus	cuniculus	 75	 0.5	 0.5	 22	
Fox	 Vulpes	vulpes	 30	 0.5	 0.5	 3	
Badger	 Meles	meles	 14	 0.5	 0.5	 16	
Muntjack	 Muntiacus	sp.	 10	 0.5	 0.5	 3	
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Since	 neonicotinoid	 insecticides	 were	 introduced	 to	 the	 agricultural	 market,	 evidence	 of	 the	
negative	impacts	of	these	systemic	compounds	on	non-target	species	has	accumulated.	Birds	are	
one	 of	 the	 largest	 groups	 of	 species	 to	 inhabit	 farmland,	 however	 the	 extent	 of	 neonicotinoid	
exposure	 in	 avian	 communities	 is	 poorly	 understood	 and	 very	 little	 is	 known	 about	 how	
neonicotinoid	exposure	may	affect	free-living	birds.	
	

























Neonicotinoids	 (NNs)	 are	 insecticides	 with	 a	 specific	 neurotoxic	 mode	 of	 action	 via	 nicotinic	
acetylcholine	 receptors	 [1],	and	are	 the	most	widely	used	group	of	 systemic	 insecticides	on	 the	
global	 agricultural	 market	 [2].	 Seed	 treatments	 are	 one	 of	 the	 most	 common	 forms	 of	 NN	
application	[2],	for	which	the	three	main	compounds	are:	imidacloprid	(IMI),	clothianidin	(CTD)	and	
thiamethoxam	 (THX).	 Following	 the	 use	 of	 NNs	 for	 nearly	 two	 decades,	 concerns	 were	 raised	
regarding	the	safety	of	non-target	invertebrates	[3],	and	as	a	result	these	three	compounds	were	
banned	from	being	applied	outdoors	within	the	European	Union	(EU)	 in	2018.	Despite	this,	NNs	
continue	 to	 be	 used	 in	 large	 quantities	 worldwide	 and	 are	 still	 applied	 to	 a	 large	 number	 of	
agricultural	crops.	The	EU	ban	has	highlighted	the	importance	of	biomonitoring	for	agrochemicals	
in	non-target	organisms	[4].	In	particular,	the	effect	of	NNs	on	wild	birds	has	increasingly	gained	







exposure	 of	 wild	 galliformes	 to	 NNs	 has	 been	 confirmed	 in	 a	 handful	 of	 studies	 across	 three	
continents	 [9-12].	 Between	 1995	 and	 2014,	 105	 NN	 poisoning	 incidents	 were	 reported	 across	
France,	47	of	which	were	for	species	of	gamebird	(red-legged	partridge	Alectoris	rufa,	grey	partridge	






South	 Africa	 [11],	 and	 in	 the	 crop	 and	 gizzard	 contents	 of	 red-legged	 partridge	 in	 Spain	 [8].	 In	
addition,	THX	has	been	detected	in	the	eggs	of	grey	partridge	in	France	[14].	Thus	far	there	have	
been	no	such	studies	in	the	UK,	despite	the	annual	release	during	the	autumn	sowing	season	of	
millions	of	gamebirds	 into	the	environment	for	the	shooting	 industry	[15].	A	 large	proportion	of	
autumn-sown	cereals	in	the	UK	were	treated	with	NNs	prior	to	the	ban	in	2018,	with	approximately	







of	 sample	 obtained	 from	 birds	 is	 often	 dictated	 by	 the	 size	 and/or	 status	 of	 the	 species.	 For	
example,	 blood	 or	 feathers	 are	 the	 only	 samples	 that	 have	 been	 obtained	 for	 small	 passerines	

























Managed	populations	of	gamebird	present	an	 ideal	 test	 system	to	 investigate	NN	exposure	and	
associated	sub-lethal	effects	 in	 the	 field	because	 it	 is	possible	 to	obtain	several	 types	of	sample	
simultaneously	from	a	large	number	of	birds	belonging	to	the	same	species	or	taxonomic	group.	In	
this	 study,	 the	 exposure	 of	 galliformes	 to	 the	NN	CTD	 via	 ingestion	 of	 treated	 cereal	 seed	was	




Specifically,	 the	 objectives	 of	 the	 study	were	 to:	 1)	 assess	 the	 extent	 and	 level	 of	 exposure	 of	
gamebirds	 to	 CTD	 via	 treated	 cereal	 seed	 during	 the	 autumn	 sowing	 period;	 2)	 measure	 the	
difference	 in	 the	 concentration	 of	 CTD	 recorded	 in	 liver	 and	 plasma	 samples	 collected	
simultaneously	 from	 individual	 birds	 to	 assess	 the	 sensitivity	 of	 either	 sample	 type	 for	
















one	or	 two	 times	2-4	weeks	post	 sowing	 (visit	 3;	Table	3.1).	 Between	one	and	eight	 galliforme	
carcasses	were	collected	on	each	site	visit	depending	on	the	relative	success	of	the	shoot	(Table	
3.1).	Where	possible,	red-legged	partridge	Alectoris	rufa	were	collected	as	the	main	study	species;	
however,	when	 red	 legged-partridge	were	 not	 available,	 grey	 partridge	Perdix	 perdix,	 pheasant	
Phasianus	 colchicus	 or	 wood	 pigeon	 Columba	 palumbus	 were	 taken	 in	 lieu.	 A	 total	 of	 42	 bird	
carcasses	were	collected	within	10	min	of	time	of	death.	The	remainder	were	collected	at	intervals	
up	to	a	maximum	of	3	hrs	after	time	of	death	in	order	to	ensure	safe	working	within	the	constraints	




microtainer,	 and	 then	 spun	down	at	1000	 rpm	 for	5	min	within	6	hrs	of	 collection.	Plasma	was	







composition	 of	 samples	 collected.	 Liver	 samples	 were	 obtained	









LN1*	 64	 0	 105	
LN2	 65	 86	 65	
LN3	 0	 43	 54	
LN4*	 0	 83	 73	
LN5	 6	 11	 51	
LN6	 0	 32	 0	
Red-legged	partridge	 178	 1613	 2717	
Grey	partridge	 11	 52	 11	
Pheasant	 0	 2	 5	
Woodpigeon	 0	 1	 0	




























For	 livers,	 0.3	 g	 of	 wet	 sample	 was	 weighed	 and	 spiked	 with	 a	 labelled	 internal	 standard	




















Hemel	 Hemsptead,	 UK).	 Analyte	 separation	 was	 performed	 on	 a	 Phenomenex	 Synergi	 Fusion	
column	 (2.5	 µm	 particle	 size,	 50	 mm	 x	 2	 mm	 ID;	 Phenomenex,	 Macclesfield,	 UK)	 using	 a	
water:methanol	mobile	phase	gradient.	For	plasma	samples,	the	analysis	was	performed	using	a	LC	











in	 a	 further	 5	min,	 then	 decreased	 to	 5%	 B	 in	 0.1	min,	 held	 for	 5	min,	 and	 returned	 to	 initial	
conditions.	Plasma:	mobile	phase	A	was	0.1%	formic	acid	in	water	and	mobile	phase	B	was	0.2%	
formic	acid	in	acetonitrile	(rate:	0.5	mL	min-1).	Gradient	elution	for	plasma	samples	started	from	
95%	A	 and	5%	B,	 increased	 to	 70%	B	 in	 3	min,	 then	 returned	 to	 initial	 conditions.	MS/MS	was	
performed	in	single	(using	ESI	in	the	positive	mode)	and	multiple	(using	UniSpray	in	positive	mode)	






matched	 blank,	which	was	 analysed	 for	 CTD	 and	 the	 deuterated	 internal	 standard;	 and	 3)	 during	















general	 patterns	 of	 exposure,	 including	Wilcoxon-signed	 rank	 or	 -rank	 sum	 test	 for	 paired	 and	
unpaired	data	points,	Fishers	exact	test	for	count	data,	and	Kruskal-Wallis	rank	sum	test	for	grouped	
data.	Data	points	included	in	analyses	were	restricted	to	those	collected	post-sowing	(treatment	


















by	 testing	 for	 over-dispersion	 (using	 the	 ‘overdisp’	 function,	 [36])	 and	 by	 comparing	modelled	
residuals	 to	 simulated	 residuals	 (using	 the	 ‘simres’	 function	 in	 the	 ‘Dharma’	 package	 [37]).	





Concentrations	of	CTD	 in	plasma	and	 liver	 samples	were	 compared	 to	one	another	 in	 the	units	
relevant	 to	 either	 sample	 type	 (liver:	 ng/g	ww,	plasma:	 ng/mL).	 The	density	 of	 blood	plasma	 is	








of	 liver	 and	 54%	 (18/33)	 of	 plasma	 samples	 collected	 post-sowing,	 compared	 to	 only	 one	 liver	
sample	and	no	plasma	samples	collected	pre-sowing.	The	median	CTD	concentration	 in	positive	
samples	was	0.11	ng/g	ww	(IQR	=	0.5,	n	=	51)	in	liver	and	352	ng/mL	(IQR	=	27.7,	n	=	18)	in	plasma.	






















Species	 Latin	 Number	of	individuals	 CTD	 Liver		 Plasma		
Sampled	 CTD	detected	
detection		 (ng/g	ww)	 (ng/mL)	
(%)	 Range	 Median	 IQR	 Range	 Median	 IQR	
Pre-sowing	(visit	1)	 		 		 		 		 		 		 		 		
All	 	 18	 1	 6	 na	 0.13	 na	 na	 na	 na	
Red-legged	partridge		 Alectoris	rufa	 17	 1	 6	 na	 0.13	 na	 na	 na	 na	
Grey	partridge	 Perdix	perdix	 1	 0	 0	 na	 na	 na	 na	 na	 na	
Pheasant	 Phasianus	colchicus	 0	 0	 na	 na	 na	 na	 na	 na	 na	
Woodpigeon	 Columba	palumbus	 0	 0	 na	 na	 na	 na	 na	 na	 na	
Post-sowing	(visits	2	&	3)	 		 		 		 		 		 		 		
All	 	 57	 51	 89	 0.01-37.0	 0.07	 0.51	 0.40-3200	 27.7	 352	
Red-legged	partridge	 Alectoris	rufa	 43	 41	 95	 0.01-37.0	 0.10	 0.54	 0.40-3200	 47.1	 382	
Grey	partridge	 Perdix	perdix	 6	 5	 83	 0.03-0.24	 0.06	 0.10	 0.60-3.00	 1.80	 1.20	
Pheasant	 Phasianus	colchicus	 7	 4	 57	 0.02-1.44	 0.48	 0.98	 na	 na	 na	




































Table	 3.3.	 Summary	 of	 clothianidin	 (CTD)	 detection	 and	 concentrations	 in	 plasma	 and	 liver	 samples	
throughout	the	study	for	all	species	tested.	Data	are	presented	for	visit	1	(pre-sowing),	visit	2	(1-7	days	
post-sowing)	and	visit	3	(8-30	days	post-sowing).	The	proportion	of	samples	for	which	CTD	is	detected	is	










Total	 CTD	detected	 Visit	 Group	 Median	 IQR	
Plasma	(ng/mL)§	
LOD:	0.15	
1	(pre-sowing)	 9	 0	 0	 0	 na	 na	
2	(post-sowing)	 15	 13	 87	
58	
56.0	 357	
3	(post-sowing)	 18	 5	 28	 17.2	 23.0	
Liver	(ng/g	ww)¶	
LOD	set	to:	0.15	
1	(pre-sowing)	 18	 0	 0	 0	 na	 na	
2	(post-sowing)	 24	 11	 46	
40	
2.42	 11.6	
3	(post-sowing)	 33	 11	 33	 0.53	 0.8	
Liver	(ng/g	ww)¶	
LOD:	0.004	
1	(pre-sowing)	 18	 1	 5	 6	 0.13	 na	
2	(post-sowing)	 24	 19	 79	
85	
0.51	 2.7	

























Sample	 Model	+	(random	effects)	 N	obs	 Disp	 Estimate	 SE	 p-val	
Liver	
CTD	conc	~	days	post-sowing	+	(site)	 75	 1.86	 0.016	 0.021	 0.439	
parasite	load	~	CTD	conc	 42	 1.63	 0.037	 0.019	 0.048	
parasite	load	~	CTD	conc	(outlier	removed)	 41	 0.81	 0.042	 0.018	 0.020	
weight	~	CTD	conc¹	 43	 1.07	 -0.001	 0.002	 0.731	
Body	condition	~	CTD	conc	 54	 0.02	 -0.003	 0.008	 0.699	
fat	~	CTD	conc	 57	 1.06	 -0.013	 0.013	 0.314	
Plasma	
CTD	conc	~	days	post-sowing	+	(site)¶	 42	 1.57	 -0.007	 0.018	 0.670	
parasite	load	~	CTD	conc§	 26	 0.80	 0.090	 0.069	 0.192	
weight	~	CTD	conc¹	 30	 1.10	 0.005	 0.006	 0.468	
Body	condition	~	CTD	conc	 31	 0.007	 0.001	 0.004	 0.788	
fat	~	CTD	conc§	 33	 (model	did	not	converge)	
All	
parasite	load	~	weight¹	 43	 1.25	 0.003	 0.002	 0.270	
parasite	load	~	fat	 42	 1.52	 -0.174	 0.110	 0.113	











load	and	the	concentration	of	CTD	 in	 livers	 for	all	birds	 for	which	 faecal	samples	were	available	
(Table	 3.4).	 This	 association	 remained	 when	 one	 outlier	 with	 very	 high	 faecal	 parasite	 load	
(1050	eggs/g)	was	removed	(Table	3.4;	Figure	3.2),	but	became	weaker	when	the	same	analyses	
were	 performed	 using	 subsets	 of	 the	 data	 for	 partridge	 species,	 and	 red-legged	 partridge	 only	













(B)	 liver	 samples.	One	 outlier	 was	 removed	 from	 panel	 B	 (1050	 faecal	 parasites	 per	 1	 g	 faeces	 and	 0.5	
ng/g	wet	weight	CTD	detected	in	the	liver).	Linear	best-fits	for	the	two	data	sets	are	represented	by	solid	



















individuals	 remains	 high	 at	 77	 and	 70%,	 respectively.	 Notably,	 the	 prevalence	 of	 IMI	 in	 grey	
partridge	 gizzards	 and	 livers	 (93	 and	 36%,	 respectively)	 collected	 as	 part	 of	 a	 study	 on	wildlife	
poisoning	events	in	arable	land,	were	more	similar	to	those	described	here	[9].	In	the	same	study,	






concentrations	of	NN	compounds	 in	 liver	samples	collected	 from	comparable	galliforme	species	
and	 excluding	 poisoning	 events	 ranged	 between	 3.7	 and	 160	 ng/g	 ww	 [10,	 12];	 whereas	 CTD	
concentrations	 recorded	 in	 this	 study	 ranged	 between	 0.01	 and	 37.0	 ng/g	 ww.	 Conversely,	
concentrations	of	NNs	previously	 recorded	 in	plasma	collected	 from	wild	birds	 ranged	between	
0.0025	 and	 3.28	 ng/mL	 [17,	 19],	which	 is	 far	 exceeded	 by	 the	median	 concentration	 of	 CTD	 in	
plasma	 recorded	here	 (352	ng/mL).	 This	 disparity	may	be	 attributable	 to	 the	 fact	 that	 the	only	
comparable	avian	plasma	data	for	NN	exposure	were	obtained	from	two	bird	of	prey	species	[18,	
19]	 and	 one	 migratory	 passerine	 [17].	 Birds	 of	 prey	 are	 inherently	 more	 likely	 to	 experience	
secondary	exposure	(e.g.,	ingestion	of	contaminated	prey	items),	rather	than	primary	exposure	via	
the	direct	ingestion	of	treated	seeds.	Equally,	migratory	passerines	are	likely	to	encounter	a	wider	





























samples	 significantly	 decreased	 between	 visit	 2	 and	 visit	 3.	 However,	 the	 frequency	 of	 CTD	
detection	in	livers	was	similar	between	these	two	temporal	groups	and	the	concentration	of	CTD	
measured	 in	 plasma	 between	 these	 two	 time	 periods	 remained	 similar	 (although	 the	 range	 in	
concentrations	markedly	decreased	among	fewer	individuals	within	the	second	visit;	Figure	3.S1).	












have	 been	 found	 to	 adversely	 affect	 both	 the	 humoral	 and	 cellular	 immune	 response	 of	 bird	
species,	 including	 the	 reduction	 of	 antibody	 titres	 and	 T-cell	 mediated	 immunity	 [28,	 31].	
Incidentally,	 T-cells	 have	 been	 well	 documented	 as	 an	 important	 response	 to	 coccidiosis,	 the	
parasitic	disease	caused	by	Coccidia,	which	accounted	for	the	majority	of	parasites	found	in	faecal	














negatively	 affected	 in	 avian	 NN	 exposure	 studies.	 For	 example,	 a	 significant	 reduction	 in	 body	
weight	was	recorded	in	CTD-dosed	South	American	eared	doves	Zenaida	auriculata	[27]	and	IMI-
dosed	red-legged	partridges	[23],	whilst	white-crowned	sparrows	dosed	with	IMI	lost	between	17	




is	 absent	 or	 natural	 food	 sources	 are	 available.	 Secondly,	migratory	 passerine	 species	 (such	 as	
white-crowned	sparrows)	are	likely	to	be	more	sensitive	to	fat	loss	compared	to	reared	galliformes.	
As	the	birds	used	in	this	study	were	heavily	managed	for	the	shooting	season,	it	is	also	possible	that	
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Table	 3.S1.	Median	 concentrations	 of	 clothianidin	 (CTD)	 in	 liver	 and	
plasma	 samples	 collected	 at	 each	 site	 post-sowing.	 Inclusive	 of	 all	
species.		
Site	code	 CTD	in	liver	(median)	 									CTD	in	plasma	(median)	
N	 ng/g	ww	 IQR	 N	 ng/mL	 IQR	
LN1	 10	 0.05	 0.04	 5	 ND	 na	
LN2	 14	 0.50	 0.87	 11	 15.2	 570	
LN3	 9	 0.30	 0.26	 7	 0.15	 36.4	
LN4	 15	 0.02	 0.08	 6	 0.27	 2.2	
LN5	 6	 0.04	 0.66	 2	 0.37	 0.2	







Table	3.S2.	Summary	of	clothianidin	 (CTD)	detection	and	concentrations	 in	plasma	and	 liver	 samples	
throughout	the	study	for	red-legged	partridge	only.	Data	are	presented	for	visit	1	(pre-sowing),	visit	2	(1-














Total	 CTD	detected	 Visit	 Group	 Median	 IQR	
Plasma	(ng/mL)	
LOD:	0.15	
1	(pre-sowing)	 8	 0	 0	 0	 na	 na	
2	(post-sowing)	 13	 11	 85	 57	 112	 416	
3	(post-sowing)	 17	 5	 29	 17.2	 23.0	
Liver	(ng/g	ww)	
LOD	set	to:	0.15	
1	(pre-sowing)	 17	 0	 0	 0	 na	 na	
2	(post-sowing)	 16	 11	 69	 50	 2.42	 11.6	
3	(post-sowing)	 27	 8	 30	 0.50	 0.70	
Liver	(ng/g	ww)	
LOD:	0.004	
1	(pre-sowing)	 17	 1	 6	 6	 0.13	 na	
















Table	 3.S3A.	Summary	of	 generalised	 linear	models	 and	 generalised	 linear	mixed	model	 outputs	 for	
species	of	partridge	only.	Models	were	used	to	investigate	CTD	concentration	in	relation	to	the	number	
of	days	post-sowing	(grey	shading)	and	health	parameters	(no	shading),	for	plasma	and	liver	samples. 
Sample	 Model	+	(random	effects)	 N	obs	 Disp	 Estimate	 SE	 p-val	
Liver	
CTD	conc	~	days	post-sowing	+	(site)		 67	 1.70	 0.023	 0.023	 0.304	
parasite	load	~	CTD	conc	 40	 1.55	 0.037	 0.019	 0.054	
parasite	load	~	CTD	conc		
(outlier	removed)	
39	 0.77	 0.042	 0.018	 0.024	




CTD	conc	~	days	post-sowing	+	(site)	 42	 1.57	 -0.007	 0.018	 0.670	
parasite	load	~	CTD	conc	 26	 0.80	 0.090	 0.069	 0.192	










Sample	 Model	+	(random	effects)	 N	obs	 Disp	 Estimate	 SE	 p-val	
Liver	
CTD	conc	~	days	post-sowing	+	(site)		 60	 1.55	 0.018	 0.025	 0.467	
parasite	load	~	CTD	conc	 34	 1.58	 0.029	 0.020	 0.142	
parasite	load	~	CTD	conc		
(outlier	removed)	
33	 0.77	 0.034	 0.019	 0.077	




CTD	conc	~	days	post-sowing	+	(site)	 38	 1.43	 -0.007	 0.021	 0.725	
parasite	load	~	CTD	conc	 24	 0.79	 0.068	 0.066	 0.301	
















per	1g	faeces	Coccidia	 Capillaria	 Other	 Total	
S2V11	 RL	 Pre	 2	 0	 0	 2	 0.05	 40	
S2V12	 RL	 Pre	 9	 0	 0	 9	 0.08	 113	
S2V13	 RL	 Pre	 0	 0	 0	 0	 0.36	 0	
S2V14	 RL	 Pre	 2	 0	 0	 2	 0.21	 10	
S2V15	 RL	 Pre	 76	 13	 3	 92	 0.06	 1533	
S2V16	 RL	 Pre	 2	 0	 0	 2	 0.44	 5	
S1V12	 GP	 Post	 0	 0	 0	 0	 1.41	 0	
S1V14	 GP	 Post	 0	 0	 0	 0	 1.20	 0	
S1V15	 GP	 Post	 4	 0	 0	 4	 1.55	 3	
S2V22	 GP	 Post	 0	 0	 0	 0	 1.46	 0	
S4V28	 GP	 Post	 0	 0	 0	 0	 0.30	 0	
S1V24	 PH	 Post	 0	 0	 1	 1	 0.17	 6	
S1V25	 PH	 Post	 1	 0	 0	 1	 0.68	 1	
S2V25	 PH	 Post	 0	 0	 0	 0	 0.35	 0	
S1V11	 RL	 Post	 0	 0	 0	 0	 1.05	 0	
S1V13	 RL	 Post	 0	 0	 0	 0	 1.42	 0	
S1V21	 RL	 Post	 2	 0	 0	 2	 0.28	 7	
S2V21	 RL	 Post	 3	 1	 0	 4	 1.23	 3	
S2V23	 RL	 Post	 0	 0	 0	 0	 1.86	 0	
S2V24	 RL	 Post	 44	 2	 0	 46	 1.76	 26	
S3V21	 RL	 Post	 0	 0	 0	 0	 1.25	 0	
S3V22	 RL	 Post	 0	 0	 0	 0	 1.53	 0	
S3V23	 RL	 Post	 0	 0	 0	 0	 0.44	 0	
S3V25	 RL	 Post	 9	 0	 0	 9	 0.27	 33	
S4V21	 RL	 Post	 53	 1	 2	 56	 0.53	 106	
S4V22	 RL	 Post	 1	 0	 0	 1	 0.41	 2	
S4V23	 RL	 Post	 0	 0	 0	 0	 0.31	 0	
S4V24	 RL	 Post	 97	 0	 0	 97	 0.46	 211	
S4V25	 RL	 Post	 30	 0	 0	 30	 0.34	 88	
S4V26	 RL	 Post	 12	 0	 0	 12	 0.28	 43	
S4V27	 RL	 Post	 3	 0	 0	 3	 0.49	 6	
S4V31	 RL	 Post	 54	 0	 0	 54	 0.54	 100	
S4V32	 RL	 Post	 15	 0	 0	 15	 0.24	 63	
S4V33	 RL	 Post	 0	 0	 0	 0	 0.26	 0	
S4V34	 RL	 Post	 24	 0	 0	 24	 0.44	 55	
S4V35	 RL	 Post	 0	 0	 0	 0	 0.44	 0	
S4V36	 RL	 Post	 25	 0	 0	 25	 0.38	 66	
S5V12	 RL	 Post	 10	 0	 0	 10	 0.33	 30	
S5V13	 RL	 Post	 33	 0	 0	 33	 0.31	 106	
S5V14	 RL	 Post	 21	 0	 0	 21	 0.44	 48	
S5V15	 RL	 Post	 1	 0	 0	 1	 0.48	 2	
S5V21	 RL	 Post	 30	 0	 0	 30	 0.46	 65	
S5V22	 RL	 Post	 1	 0	 0	 1	 0.78	 1	
S5V23	 RL	 Post	 185	 0	 0	 185	 0.56	 330	
S5V24	 RL	 Post	 118	 0	 0	 118	 0.53	 223	
S6V11	 RL	 Post	 30	 2	 11	 43	 0.39	 110	
S6V12	 RL	 Post	 3	 0	 0	 3	 0.50	 6	
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Over	 the	 last	 20	 years,	 a	 new	 group	 of	 systemic	 insecticides	 –	 the	 neonicotinoids	 -	 has	 gained	













species	 (9	 positive	 effects,	 4	 negative	 effects).	Model	 estimates	 for	 individual	 species	were	 not	
collectively	explained	by	dietary	risk	categories,	so	dietary	exposure	to	neonicotinoids	via	ingestion	
of	treated	seeds	and	seedlings	could	not	be	confirmed	as	a	causal	factor	in	farmland	bird	declines.	














Agricultural	 intensification	 is	 thought	 to	 be	 the	 largest	 threat	 to	 global	 avifauna	 [1].	 Significant	











in	 arable	 systems,	 and	 their	 application	 globally	 has	 risen	 year	 on	 year	 [7].	 Over	 90%	 of	 NN	
applications	 in	 the	 UK	 (based	 on	 area	 treated)	 have	 been	 in	 the	 form	 of	 coated	 seed	 [8]	 with	
















2014.	 Bars:	 Pesticide	 Usage	 Survey	 data	 for	 annual	 weight	 (kg)	 of	 NN	 applied,	 moderated	 by	 a	 toxicity	
equivalency	 factor	 (TEF)	 to	 account	 for	 differences	 in	 the	 acute	 (A)	 or	 chronic	 (B)	 toxicity	 of	 each	 NN	
compound	to	birds	(see	Methods	for	details)	[9].	Lines:	breeding	bird	index	for	farmland	birds	based	on	19	
farmland	indicator	species	(solid:	unsmoothed	trend;	dotted:	smoothed	trend),	reproduced	from	the	Defra	











(including	DDT	up	until	 it	was	banned	 in	 1986)	 rose	 from	137	 to	 344	 as	 a	 result	 of	 agricultural	
intensification	[14].	NNs	were	first	used	as	agricultural	plant	protection	products	in	Britain	in	1994	







applications	 [16];	 this	suggests	that	the	risk	posed	from	availability	and	subsequent	 ingestion	of	
seeds	by	birds	may	have	been	underestimated.	Furthermore,	NN	residue	has	also	been	detected	in	
crop	seedlings,	which	are	thought	to	take	up	approximately	1-15%	of	compound	applied	to	seed	
coatings	 [23,	 24],	 and	 wild	 plants	 at	 field	 boundaries	 [25].	 Crop	 seedlings	 and	 vegetation	 at	
agricultural	 margins	 provide	 food	 for	 a	 number	 of	 farmland	 bird	 species,	 suggesting	 another	
potential	pathway	of	exposure	to	NNs.	
	
Thus	 far,	only	a	handful	of	studies	have	 investigated	pathways	of	exposure	to	NNs	for	 farmland	
birds,	 and	 the	 primary	 focus	 for	 granivorous	 birds	 has	 been	 on	 ingestion	 of	 NN-treated	 seeds.	
Prosser	(2001)	recorded	a	total	of	18	species	foraging	on	seed	types	that	are	regularly	treated	with	




3.9	and	1.3	 imidacloprid-coated	wheat	seeds	could	produce	 lethal	and	sub-lethal	 (reproductive)	
effects,	respectively,	if	ingested	by	a	15-g	bird	[11].	There	is	also	potential	for	direct	ingestion	of	
NN-contaminated	 insects	 as	many	 granivorous	 bird	 species	will	 switch	 to	 an	 insectivorous	 diet	
during	the	breeding	season;	however,	 the	relatively	small	concentrations	of	NNs	on	 insects	 [30]	





relevant	 concentrations	 of	 NNs	 can	 suffer	 changes	 to	 the	 immune	 system,	 oxidative	 stress,	
impaired	navigational	ability	and	the	accumulation	of	NN	residues	in	the	liver	[18,	21,	31].	Thus	not	
only	is	it	possible	for	birds	to	be	exposed	to	NNs,	but	the	likely	levels	of	exposure	may	be	sufficient	





study	 investigated	 the	 spatial	 correlation	 between	 surface	 water	 concentrations	 of	 NNs	 and	
insectivorous	bird	population	trends,	and	reported	that	in	areas	where	IMI	concentrations	in	water	
were	 >20	 ng/L,	 bird	 populations	 experienced	 average	 annual	 declines	 of	 3.5%	 across	 15	
insectivorous	species	[32].	The	study	postulated	that	the	observed	trends	were	a	result	of	depleted	
insect	food	resources,	occurring	as	a	result	of	NN-usage.	However,	despite	the	thorough	statistical	

















































































As	 there	was	a	significant	number	of	consecutive	missing	years	 for	cropping	data,	 regional	data	
obtained	from	the	June	Survey	of	Agriculture	(JSA)	were	used	to	estimate	the	areas	of	individual	
crops	within	each	grid	square	for	all	missing	years	 (national	 JSA	data	were	also	used	for	 linseed	
[Linum	sp.]	where	regional	data	were	not	available).	Where	JSA	data	were	not	available	for	a	missing	
year,	linear	interpolations	were	used	to	estimate	cropping	areas	per	grid	square	(Table	4.1).	Details	


























































was	 restricted	 to	 BBS	 squares	 within	 mainland	 England	 to	 match	 the	 available	 pesticide	 and	
cropping	data.	All	BBS	data	for	2001	were	excluded	from	the	analysis	due	to	anomalies	caused	by	
site	access	restrictions	during	an	outbreak	of	foot-and-mouth	disease.	Total	change	in	each	species	





used	 to	 generate	 an	 index	of	 likelihood	of	 exposure.	Table	4.2	 presents	data	 for	NN	 residue	 in	















Crop	seed	 RSPB	(pers.	com)	 555,600	 CTD	 High	
Crop	seedlings	 RSPB	(pers.	com)	 3,425	 CTD	 High	
Exposed	birds	(<50g)	 Lopez-Antia	et	al.	(2015)	 56	 IMI	 Low	
Eggs	(exposed	bird)	 Bro	et	al.	(2016)	 28	 IMI	 Low	
Wild	plants	(at	field	margins)	 Biotas	et	al.(2016)	 0.51	 CTD	 Low	






4.S3	 Supplementary	 Note).	 Where	 available,	 data	 were	 extracted	 for	 plant	 families	 Cruciferae	





















		 	 		 Adult	BR	 Adult	NB	 Chicks	 		
Chaffinch	 Fringilla	coelebs	 Poaceae	(O)	 44	 25	 n/a	 Medium	
Corn	Bunting	 Miliaria	calandra	 Poaceae	 44	 75	 16	 High	
Goldfinch	 Carduelis	carduelis	 None	 0	 0	 n/a	 Low	
Greenfinch	 Carduelis	chloris	 Poaceae	 16	 11	 21	 Medium	
Grey	Partridge	 Perdix	perdix	 Poaceae		 12	 28	 21	 Medium	
House	Sparrow	 Passer	domesticus	 Poaceae	(O)	 37	 23	 ^24	 Medium	
Jackdaw+	 Corvus	monedula	 (Cereal	grain)	 n/a	 n/a	 (11)	 Medium	
Kestrel+	 Falco	tinnunculus	 None	 (0)	 (0)	 (0)	 Low	
Lapwing+	 Vanellus	vanellus	 None	 (0)	 (0)	 (0)	 Low	
Linnet	 Carduelis	cannabina	 Cruciferae;	Poaceae	(O)	 0	 0	 71	 High	
Red-legged	Partridge	 Alectoris	rufa	 Amaranthaceae;	Poaceae	(O)	 n/a	 44	 ^29	 Medium	
Reed	Bunting	 Emberiza	schoeniclus	 Amaranthaceae	(O);	Poaceae	 0	 69	 ^0	 High	
Rook	 Corvus	frugilegus	 Poaceae	 38	 58	 34	 High	
Skylark	 Alauda	arvensis	 Amaranthaceae;	(Poaceae+)	 #22	 36	 ^2	 Medium	
Starling~	 Sturnus	vulgaris	 (Grain)	 (0)	 (51)	 (0)	 Medium	
Stock	Dove	 Columbus	oenas	 Cruciferae;	Poaceae	 61	 22	 5	 High	
Tree	Sparrow	 Passer	montanus	 Amaranthaceae;	Poaceae	(O)	 22	 36	 ^15	 Medium	
Turtle	Dove	 Streptopelia	turtur	 Amaranthaceae	(O);	Cruciferae;	Poaceae	 99	 n/a	 70	 High	
Whitethroat+	 Sylvia	communis	 None	 (0)	 (0)	 (0)	 Low	
Woodpigeon	 Columbus	palumbus	 Cruciferae;	Poaceae	(O)	 50	 45	 ^47	 High	
Yellow	Wagtail+	 Motacilla	flava	 None	 (0)	 (0)	 (0)	 Low	













(Falco	 tinnunculus),	 starling	 (Sturnus	 vulgaris),	 lapwing	 (Vanellus	 vanellus),	 yellow	 wagtail	
(Motacilla	flava)	or	whitethroat	(Sylvia	communis).	For	these	species,	dietary	data	were	extracted	
from	 relevant	 volumes	 of	 Birds	 of	 the	 Western	 Palearctic	 [39].	 Lapwing,	 yellow	 wagtail	 and	
whitethroat	are	insectivorous	species,	and	kestrel	a	predatory	species,	so	do	not	consume	either	
crop	 seed	 or	 seedlings	 and	were	 therefore	 assigned	 values	 of	 zero	 for	 these	 food	 items.	 Data	
extracted	for	adult	jackdaw,	nestling	jackdaw	and	nestling	starling	were	preferentially	taken	from	
studies	with	the	largest	available	sample	size,	comparable	sample	type,	sampling	location	within	

























































NN	 applications	 to	 spring	 crops	 (particularly	 sugar	 beet)	 predominated	 in	 terms	 of	 total	 mass	
applied	during	the	first	half	of	the	study	period	(1994-2004),	whereas	NN	applications	in	the	second	
half	of	the	study	period	(2005-2014)	were	greatest	for	winter	oilseed	rape	and	winter	cereals.	As	








All	 species	models	were	 initially	 run	using	 a	 Poisson	distribution	 and	 tested	 for	 over-dispersion	
(ratio	of	sum	of	squares	residuals:	residual	degrees	of	freedom	>	1.5;	‘overdisp’	function	[45])	
and	 zero-inflation	 (root	 mean	 squared	 error	 comparison,	 log-likelihood	 tests	 and	 the	
‘testzeroinflation’	function	in	DHARMAa	[46]).	Residual	QQ-plots	were	visually	inspected	for	
each	 species	 model	 to	 check	 uniformity,	 and	 simulated	 residuals	 were	 plotted	
(‘simulateResiduals’	function	in	DHARMAa)	to	check	model	fit.		
	
All	 species	 except	 kestrel	 and	woodpigeon	were	modelled	 using	 a	 quasi-Poisson	distribution	 to	









b1	 estimates	 and	 their	 standard	 errors	 were	 extracted	 from	 each	 species-specific	 model.	 The	
difference	 in	b1	estimates	between	dietary	exposure	groups	 (high,	medium,	 low)	were	analysed	
using	Kruskal–Wallis	one-way	analysis	of	variance	(‘kruskall.test’,	[47]).	In	order	to	account	
for	differences	in	dietary	preferences	at	each	individual	life	stage,	weighted	linear	regressions	were	
used	 to	model	b1	as	a	 function	of	 the	proportion	of	high-level	 residue	 food	 items	 for	adult	diet	











of	 NN	 applied	 (b1	 -	 represented	 as	 a	 decimal	 fraction	 and	 referred	 to	 hereafter	 as	 ‘NN-related	
population	change’)	were	obtained	for	all	22	study	species	(4.S1	Table;	refer	here	for	all	Latin	names	
hereafter),	 calculated	 across	 all	 years	 and	 all	 available	 grid	 squares.	 Estimates	 of	 NN-related	
population	change	(b1)	ranged	between	-0.2	and	+0.2%,	and	were	significant	for	13	out	of	the	22	
species	(p	<	0.05)	(Figure	4.3	and	4.S1	Table).	There	were	significant	positive	estimates	for	nine	
species	 (chaffinch,	 greenfinch,	 grey	 partridge,	 linnet,	 rook,	 starling,	 tree	 sparrow,	 woodpigeon,	
yellowhammer),	 and	 significant	 negative	 estimates	 for	 four	 species	 (house	 sparrow,	 red-legged	
partridge,	skylark,	turtle	dove).	Standard	errors	in	the	estimate	of	b1	were	largest	for	those	species	
with	fewest	observations	per	survey	event,	in	particular	corn	bunting,	turtle	dove	and	tree	sparrow.	
BBS	 population	 trends	 for	 England	 (1995-2016)	 and	 NN-related	 population	 change	 were	
directionally	matched	for	only	seven	of	the	22	species	(three	species	with	negative	BBS	trends	and	
b1	estimates,	and	 four	species	with	positive	BBS	 trends	and	b1	estimates)	 (Figure	4.3).	The	 root	
mean	 squared	 error	 was	 >10	 for	 the	 majority	 of	 flocking	 species	 (jackdaw,	 rook,	 starling,	
woodpigeon)	and	<10	 for	 those	 that	are	usually	 recorded	 in	 small	numbers	during	 the	 summer	
months	(4.S1	Table).	Overall,	BBS	site	was	the	largest	source	of	variance	in	the	model	for	18	of	the	






TEFs;	 there	was	a	 roughly	equal	split	between	species	where	 the	 results	 shift	 towards	a	slightly	
more	positive	model	estimate	for	NN	effects	on	population	size	and	those	where	the	reverse	was	
true	(4.S2	Table);	the	estimate	of	negative	impacts	for	the	skylark	changed	to	being	non-significant	























NN-related	 population	 change	 did	 not	 differ	 significantly	 between	 dietary	 exposure	 groups	

















Overall,	 our	 findings	 provide	 no	 consistent	 evidence	 for	 impacts	 of	 dietary	 exposure	 to	 NN	




population	 change	 for	each	 species	 varied	 considerably	within	 the	 range	of	model	outputs,	but	
were	noticeably	smaller	than	annual	‘background’	changes	in	population	for	each	species.	Across	












were	 in	 the	 high	 exposure	 category	 (linnet,	 rook,	 wood	 pigeon,	 yellowhammer),	 whilst	 the	
remaining	 five	 belonged	 to	 the	medium	 exposure	 group	 (chaffinch,	 greenfinch,	 grey	 partridge,	
starling,	 tree	 sparrow).	 Seven	of	 these	nine	 species	 experienced	population	declines	 in	 England	






















granivorous	 species	 abundance	at	 these	 sites.	 This	 theory	 is	 one	 that	 the	present	 study	 cannot	
substantiate,	 but	may	 be	 important	 to	 note	 as	 a	 potential	 paradox	 in	 NN	 exposure-population	
modelling	of	this	type.	
	
The	 four	species	 that	had	significant	negative	estimates	 for	NN-related	population	change	were	
house	sparrow,	skylark,	red-legged	partridge	and	turtle	dove.	Of	these,	one	was	placed	in	the	high	
exposure	group	(turtle	dove),	three	belonged	to	the	medium-exposure	group	(house	sparrow,	red-
legged	 partridge,	 skylark),	 and	 all	 except	 red-legged	 partridge	 experienced	 overall	 population	


















impact	 on	 red-legged	 partridge	 populations	 arising	 from	 NN	 use	 is	 therefore	 plausible	 when	
considered	alongside	previous	research.	However,	there	was	a	small	population	increase	over	the	
study	period	(+3%	between	1995	and	2016	[37])	that	indicates	that	other	factors	were	likely	to	have	
been	 more	 important	 in	 determining	 population	 dynamics.	 Furthermore,	 this	 species	 is	 highly	

























In	 addition,	 model	 estimates	 for	 four	 species	 in	 the	 high	 and	 medium	 risk	 groups	 were	 not	
significant	 (high	 risk	 group:	 corn	 bunting,	 stock	 dove	 and	 reed	 bunting;	 medium	 risk	 group:	










This	 analysis	was	 undertaken	with	 19	 years	 of	 pesticide	 usage	 and	 bird	 abundance	 data	 across	
94,350	km2	(72%)	of	England.	A	key	advantage	in	using	these	data	is	that	the	spatial	and	temporal	
variation	in	NN	usage	during	the	study	period	maximised	the	statistical	power	needed	to	test	our	





for	 many	 ecological	 studies	 using	 ‘real-world’	 data	 collected	 from	 complex	 ecosystems.	
Nevertheless,	 the	 approach	 used	 is	 arguably	 one	 of	 the	 most	 powerful	 available	 to	 test	 our	
hypotheses;	it	is	of	note	that	the	use	of	smaller	datasets	(e.g.,	the	analysis	of	data	using	individual	
compounds	or	splitting	the	time	series	at	the	time	point	where	the	primary	compound	applied	in	













direct	 overspray	 of	 birds	 or	 insects,	were	 excluded	 from	 this	 study.	However,	 these	 alternative	
pathways	are	expected	to	result	in	comparatively	lower	exposure	than	direct	ingestion	of	treated	
seed	 or	 seedlings	 (Table	 4.2	and	 4.S2	 Supplementary	Note).	Many	 granivorous	 birds	 switch	 to	
and/or	feed	their	young	an	insectivorous	diet	during	the	breeding	season	[38]	meaning	there	is	also	
a	potential	impact	on	breeding	success	from	reduced	food	availability	[32].	This	potential	indirect	






rather	 considered	 alongside	 the	 multiple	 sub-lethal	 endpoints	 proposed	 to	 result	 from	








species	comparisons	and	 is	useful	 for	pinpointing	specific	 species	 from	a	 large	number	of	 those	
potentially	affected,	which	warrant	further	research	attention.	It	also	gives	a	full	picture	across	a	
range	 of	 species	 with	 different	 physiologies,	 and	 different	 patterns	 of	 habitat	 use.	 The	 risk	
associated	with	modelling	just	one	species	is	that,	if	a	significant	effect	is	found,	it	cannot	be	placed	
into	 context	with	either	 similar	or	dissimilar	 species,	 and	 that	 a	 finding	 for	one	 species	may	be	
extrapolated	 to	all	 species	within	 that	 taxa.	Conversely,	 the	disadvantage	of	modelling	multiple	
species	is	that	the	‘one	size	fits	all’	approach	to	the	model	structure	may	not	be	suitable	across	the	










pesticide	usage	data.	The	potential	 for	 indirect	effects	of	 insecticide	use	on	bird	populations	via	
reduced	 food	availability	was	not	 considered	within	our	 study	design	and	should	be	a	 focus	 for	
future	 research.	 This	 study	 highlights	 some	 of	 the	 issues	 in	 isolating	 specific	 causal	 factors	 for	
population	 dynamics	 from	 the	 ‘noise’	 of	 other	 agricultural	 processes	 and	 underlying	 species	
population	trends;	 this	 is	particularly	challenging	when	attempting	to	analyse	a	specific	 toxicant	
exposure	route	with	regards	to	population-scale	outcomes.	Although	it	is	not	possible	to	infer	any	
















The	 Breeding	 Bird	 Survey	 (https://www.bto.org/volunteer-surveys/bbs/bbs-publications/bbs-
reports)	is	run	by	the	British	Trust	for	Ornithology	(BTO)	and	is	jointly	funded	by	the	BTO,	the	Joint	
Nature	Conservation	Committee	 (JNCC)	 (on	behalf	 of	 the	 statutory	nature	 conservation	bodies:	









the	 Department	 for	 Environment,	 Food	 &	 Rural	 Affairs	 (Defra),	 Science	 &	 Advice	 for	 Scottish	
Agriculture	 (SASA),	 a	 division	 of	 the	 Scottish	 Government’s	 Agriculture,	 Food	 and	 Rural	
Communities	Directorate	 and	 the	Agri-Food	&	Biosciences	 Institute	 (AFBI),	 a	Non-Departmental	
Public	Body	of	 the	Department	of	Agriculture	and	Rural	Development,	Northern	 Ireland	 (DARD)	
conduct	 a	 series	 of	 UK	 surveys	 of	 pesticide	 usage	 in	 the	 major	 sectors	 of	 agriculture	 and	
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To	create	a	dataset	 to	 input	 into	 the	model,	cropping	data	 for	each	of	 the	 five	main	crop	types	
(wheat	Triticum	sp.,	winter	barley	Hordeum	sp.,	sugar	beet	Beta	sp.,	linseed	Linum	sp.,	oilseed	rape	
Brassica	sp.)	were	required	on	an	annual	basis	at	a	5x5	km	resolution	for	the	whole	of	England.	The	








decreases	 per	 crop	 type	 from	 the	 last	 available	 annual	 AgC	 data	 set.	Missing	 years	 were	 then	
interpolated	by	multiplying	the	 last	available	AgC	annual	data	(‘the	baseline’)	by	the	 increase	or	
decrease	in	cropping	area	from	the	baseline	to	the	JSA	data	for	that	missing	year.	Only	the	years	
that	 had	 available	 JSA	 data	 and	 no	 AgC	 data	 were	 interpolated	 using	 this	 method.	 Due	 to	 an	








































Crop	 Year	 AgC	 JSA	 Baseline	 Linear	
Wheat	&	Winter	Barley	 1994	 X	 		 		 		
Wheat	&	Winter	Barley	 1995	 X	 	 	 	
Wheat	&	Winter	Barley	 1996	 X	 	 	 	
Wheat	&	Winter	Barley	 1997	 X	 	 	 	
Wheat	&	Winter	Barley	 1998	 	 	 	 X	
Wheat	&	Winter	Barley	 1999	 	 X	 1997	 	
Wheat	&	Winter	Barley	 2000	 X	 	 	 	
Wheat	&	Winter	Barley	 2001	 	 X	 2000	 	
Wheat	&	Winter	Barley	 2002	 	 X	 2000	 	
Wheat	&	Winter	Barley	 2003	 X	 	 	 	
Wheat	&	Winter	Barley	 2004	 X	 	 	 	
Wheat	&	Winter	Barley	 2005	 	 X	 2004	 	
Wheat	&	Winter	Barley	 2006	 	 X	 2004	 	
Wheat	&	Winter	Barley	 2007	 	 X	 2004	 	
Wheat	&	Winter	Barley	 2008	 	 X	 2004	 	
Wheat	&	Winter	Barley	 2009	 	 X	 2004	 	
Wheat	&	Winter	Barley	 2010	 X	 X*	 2010	 	
Wheat	&	Winter	Barley	 2011	 	 X	 2010	 	
Wheat	&	Winter	Barley	 2012	 	 X	 2010	 	
Wheat	&	Winter	Barley	 2013	 	 X	 2010	 	
Wheat	&	Winter	Barley	 2014	 	 X	 2010	 	
Sugarbeet	 1994	 X	 	 	 	
Sugarbeet	 1995	 X	 	 	 	
Sugarbeet	 1996	 X	 	 	 	
Sugarbeet	 1997	 X	 	 	 	
Sugarbeet	 1998	 	 	 	 X	
Sugarbeet	 1999	 	 	 	 X	
Sugarbeet	 2000	 X	 	 	 	
Sugarbeet	 2001	 	 	 	 X	
Sugarbeet	 2002	 	 	 	 X	
Sugarbeet	 2003	 X	 	 	 	
Sugarbeet	 2004	 X	 	 	 	
Sugarbeet	 2005	 	 X	 2004	 	
Sugarbeet	 2006	 	 	 	 X	
Sugarbeet	 2007	 	 	 	 X	
Sugarbeet	 2008	 	 	 	 X	
Sugarbeet	 2009	 	 	 	 X	
Sugarbeet	 2010	 X	 X*	 2010	 	
Sugarbeet	 2011	 	 X	 2010	 	
Sugarbeet	 2012	 	 X	 2010	 	
Sugarbeet	 2013	 	 X	 2010	 	













Crop	 Year	 AgC	 JSA	 Baseline	 Linear	
Oilseed	rape	 1994	 X	 	 	 	
Oilseed	rape	 1995	 X	 	 	 	
Oilseed	rape	 1996	 X	 	 	 	
Oilseed	rape	 1997	 X	 	 	 	
Oilseed	rape	 1998	 	 	 	 X	
Oilseed	rape	 1999	 	 X	 1997	 	
Oilseed	rape	 2000	 X	 	 	 	
Oilseed	rape	 2001	 	 X	 2000	 	
Oilseed	rape	 2002	 	 X	 2000	 	
Oilseed	rape	 2003	 X	 X*	 2003	 	
Oilseed	rape	 2004	 X	 X*	 2004	 	
Oilseed	rape	 2005	 	 X	 2004	 	
Oilseed	rape	 2006	 	 X	 2004	 	
Oilseed	rape	 2007	 	 X	 2004	 	
Oilseed	rape	 2008	 	 X	 2004	 	
Oilseed	rape	 2009	 	 X	 2004	 	
Oilseed	rape	 2010	 X	 X*	 2010	 	
Oilseed	rape	 2011	 	 X	 2010	 	
Oilseed	rape	 2012	 	 X	 2010	 	
Oilseed	rape	 2013	 	 X	 2010	 	
Oilseed	rape	 2014	 	 X	 2010	 	
Linseed	 1994	 X	 	 	 	
Linseed	 1995	 X	 	 	 	
Linseed	 1996	 X	 	 	 	
Linseed	 1997	 X	 	 	 	
Linseed	 1998	 	 	 	 X	
Linseed	 1999	 	 	 	 X	
Linseed	 2000	 X	 	 	 	
Linseed	 2001	 	 	 	 X	
Linseed	 2002	 	 	 	 X	
Linseed	 2003	 X	 	 	 	
Linseed	 2004	 X	 	 	 	
Linseed	 2005	 	 X	 2004	 	
Linseed	 2006	 	 	 	 X	
Linseed	 2007	 	 	 	 X	
Linseed	 2008	 	 	 	 X	
Linseed	 2009	 	 	 	 X	
Linseed	 2010	 X	 X*	 2010	 	
Linseed	 2011	 	 	 	 X	
Linseed	 2012	 	 	 	 X	
Linseed	 2013	 	 	 	 X	























0.3	 and	 11.1	 ng/g	 [2].	 Data	 are	 also	 available	 for	 the	 concentration	 of	 imidacloprid	 found	 on	
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were	 calculated	 by	 finding	 the	 change	 in	 total	 plant	 material	 (%)	 between	 chicks	 and	 adults	
(breeding	or	non-breeding,	depending	on	availability),	and	then	estimating	the	percentage	of	NN	





































	 T2:	BR	Adults	 T3:	NB	Adults	 T4:	Chicks	(%)	
		 AM	 CR	 PO	 Total	 AM	 CR	 PO	 Total	 CR	 PO	 Total	 Br	 NB	 N/C	
Chaffinch	 0	 0	 44	 44	 0	 0	 25	 25	 		 		 n/a	 85	 95	 		
Corn	Bunting	 0	 0	 44	 44	 0	 0	 75	 75	 		 16	 16	 85	 		 13	
Goldfinch	 0	 0	 0	 0	 0	 0	 0	 0	 		 		 n/a	 95	 99	 		
Greenfinch	 0	 0	 16	 16	 0	 0	 11	 11	 0	 21	 21	 95	 99	 95	
Grey	Partridge	 0	 0	 12	 12	 0	 0	 28	 28	 0	 21	 21	 88	 100	 30	
House	Sparrow	 0	 0	 37	 37	 0	 0	 23	 23	 		 		 *24	 6	 		 4	
Linnet	 0	 0	 0	 0	 0	 0	 0	 0	 51	 20	 71	 99	 99	 99	
RL	Partridge	 		 		 		 n/a	 11	 0	 33	 44	 		 		 *29	 		 100	 65	
Reed	Bunting	 0	 0	 0	 0	 17	 0	 52	 69	 		 		 *0	 39	 100	 0	
Rook	 		 		 38	 38	 		 		 58	 58	 		 34	 34	 42	 78	 18	
Skylark	 		 		 		 *22	 36	 0	 0	 36	 		 		 **2	 60	 100	 ^6	
Stock	Dove	 0	 29	 32	 61	 0	 0	 22	 22	 0	 5	 5	 		 		 100	
Tree	Sparrow	 0	 0	 22	 22	 14	 0	 22	 36	 		 		 *15	 4	 60	 5	
Turtle	Dove	 27	 41	 31	 99	 		 		 		 n/a	 32	 38	 70	 100	 		 100	
Woodpigeon	 0	 18	 32	 50	 0	 7	 38	 45	 		 		 *47	 98	 95	 97	
































	 Model	 Estimate	 SE	 p-value	 ODR	 RMSE	
		 		 (%)	 (%)	 (%)	 	 (g)	 (%)	 	 (N)	 (N)	 	 		 		 		 		 		 		
Chaffinch	 Fringilla	coelebs	 44	 25	 n/a	 Med	 	 21	 Green	 -11	 	 3716	 2478	 	 QP	 0.000836	 0.000130	 <0.001	 0.93	 4.58	
Corn	Bunting	 Miliaria	calandra	 44	 75	 16	 High	 	 46.5	 Red	 -33	 	 635	 533	 	 QP	 0.000449	 0.000542	 0.407	 1.25	 2.25	
Goldfinch	 Carduelis	carduelis	 0	 0	 n/a	 Low	 	 15.5	 Green	 132	 	 3476	 2386	 	 QP	 -0.000285	 0.000226	 0.207	 0.98	 3.30	
Greenfinch	 Carduelis	chloris	 16	 11	 21	 Med	 	 28.5	 Green	 -51	 	 3355	 2327	 	 QP	 0.000846	 0.000218	 <0.001	 1.04	 3.59	
Grey	Partridge	 Perdix	perdix	 12	 28	 21	 Med	 	 400	 Red	 -58	 	 1387	 1130	 	 QP	 0.000976	 0.000432	 0.024	 0.67	 1.11	
House	Sparrow	 Passer	domesticus	 37	 23	 24	 Med	 	 22	 Red	 -17	 	 2967	 2140	 	 QP	 -0.000922	 0.000222	 <0.001	 0.93	 7.98	
Jackdaw	 Corvus	monedula	 n/a	 n/a	 11	 Med	 	 245	 Green	 68	 	 3408	 2333	 	 QP	 -0.000164	 0.000253	 0.517	 1.24	 10.24	
Kestrel	 Falco	tinnunculus	 0	 0	 0	 Low	 	 245	 Amber	 -20	 	 2952	 2095	 	 P	 0.000481	 0.000293	 0.100	 0.81	 0.60	
Lapwing	 Vanellus	vanellus	 0	 0	 0	 Low	 	 225	 Red	 -26	 	 2343	 1715	 	 QP	 0.000722	 0.000396	 0.069	 1.68	 6.44	
Linnet	 Carduelis	
cannabina	
0	 0	 71	 High	 	 17.5	 Red	 -19	 	 2997	 2145	 	 QP	 0.001252	 0.000280	 <0.001	 1.15	 4.84	
Red-legged	
Partridge	
Alectoris	rufa	 n/a	 44	 29	 Med	 	 475	 Green	 3	 	 2122	 1593	 	 QP	 -0.001437	 0.000252	 <0.001	 0.74	 1.75	
Reed	Bunting	 Emberiza	
schoeniclus	
0	 69	 0	 High	 	 18.5	 Green	 44	 	 1641	 1287	 	 QP	 0.000609	 0.000331	 0.066	 0.84	 1.25	
Rook	 Corvus	frugilegus	 38	 58	 34	 High	 	 490	 Green	 -13	 	 3209	 2242	 	 QP	 0.001687	 0.000294	 <0.001	 1.14	 27.25	
Skylark	 Alauda	arvensis	 22	 36	 2	 Med	 	 39	 Red	 -23	 	 3347	 2293	 	 QP	 -0.000298	 0.000143	 0.038	 0.97	 3.46	
Starling	 Sturnus	vulgaris	 n/a	 n/a	 0	 Med	 	 82.5	 Red	 -61	 	 3271	 2288	 	 QP	 0.001210	 0.000249	 <0.001	 1.92	 20.71	
Stock	Dove	 Columbus	oenas	 61	 22	 5	 High	 	 310	 Amber	 22	 	 2654	 1969	 	 QP	 0.000036	 0.000292	 0.903	 1.47	 3.01	
Tree	Sparrow	 Passer	montanus	 22	 36	 15	 Med	 	 22	 Red	 64	 	 772	 666	 	 QP	 0.001692	 0.000743	 0.023	 0.83	 2.56	
Turtle	Dove	 Streptopelia	turtur	 99	 n/a	 70	 High	 	 155	 Red	 -94	 	 775	 635	 	 QP	 -0.002093	 0.000534	 <0.001	 0.74	 0.95	
Whitethroat	 Sylvia	communis	 0	 0	 0	 Low	 	 15	 Green	 25	 	 3035	 2157	 	 QP	 -0.000200	 0.000205	 0.328	 0.85	 1.94	
Woodpigeon	 Columbus	
palumbus	
50	 45	 47	 High	 	 515	 Green	 36	 	 3698	 2482	 	 NB	 0.000787	 0.000160	 <0.001	 1.11	 21.06	
Yellow	Wagtail	 Motacilla	flava	 0	 0	 0	 Low	 	 20	 Red	 -42	 	 851	 723	 	 QP	 0.000557	 0.000456	 0.221	 0.75	 1.42	




















Species	 Latin	 Model	 Model	output	(A):	stepped	interpolation	 Model	output	(B):	chronic	TEF	
		 		 		 Estimate	 SE	 p-value	 ODR	 RMSE	 Estimate	 SE	 p-value	 ODR	 RMSE	
Chaffinch	 Fringilla	coelebs	 QP	 0.000802	 0.000126	 <0.001	 0.94	 4.58	 0.000841	 0.000124	 <0.001	 0.93	 4.58	
Corn	Bunting	 Miliaria	calandra	 QP	 0.000397	 0.000529	 0.453	 1.25	 2.25	 0.000483	 0.000530	 0.362	 1.25	 2.25	
Goldfinch	 Carduelis	carduelis	 QP	 -0.000307	 0.00022	 0.163	 0.98	 3.3	 -0.000283	 0.000215	 0.189	 0.98	 3.30	
Greenfinch	 Carduelis	chloris	 QP	 0.000840	 0.000212	 <0.001	 1.04	 3.59	 0.000795	 0.000209	 <0.001	 1.04	 3.59	
Grey	Partridge	 Perdix	perdix	 QP	 0.000907	 0.000425	 0.033	 0.67	 1.11	 0.001015	 0.000420	 0.016	 0.67	 1.11	
House	Sparrow	 Passer	domesticus	 QP	 -0.000920	 0.000214	 <0.001	 0.93	 7.98	 -0.000923	 0.000214	 <0.001	 0.93	 7.98	
Jackdaw	 Corvus	monedula	 QP	 -0.000172	 0.000245	 0.481	 1.24	 10.24	 -0.000188	 0.000240	 0.433	 1.24	 10.24	
Kestrel	 Falco	tinnunculus	 P	 0.000470	 0.000289	 0.104	 0.81	 0.6	 0.000546	 0.000282	 0.053	 0.81	 0.60	
Lapwing	 Vanellus	vanellus	 QP	 0.000663	 0.000388	 0.088	 1.68	 6.44	 0.000605	 0.000380	 0.111	 1.68	 6.44	
Linnet	 Carduelis	cannabina	 QP	 0.001217	 0.000273	 <0.001	 1.15	 4.84	 0.001409	 0.000268	 <0.001	 1.15	 4.84	
Red-legged	Partridge	 Alectoris	rufa	 QP	 -0.001422	 0.000243	 <0.001	 0.74	 1.75	 -0.001407	 0.000244	 <0.001	 0.74	 1.75	
Reed	Bunting	 Emberiza	schoeniclus	 QP	 0.001488	 0.000335	 <0.001	 0.84	 1.25	 0.000661	 0.000320	 0.039	 0.84	 1.25	
Rook	 Corvus	frugilegus	 QP	 0.001615	 0.000285	 <0.001	 1.14	 27.25	 0.001617	 0.000280	 <0.001	 1.14	 27.25	
Skylark	 Alauda	arvensis	 QP	 -0.000308	 0.000139	 0.027	 0.97	 3.46	 -0.000245	 0.000138	 0.076	 0.97	 3.46	
Starling	 Sturnus	vulgaris	 QP	 0.001207	 0.000242	 <0.001	 1.9	 20.71	 0.001177	 0.000239	 <0.001	 1.92	 20.71	
Stock	Dove	 Columbus	oenas	 QP	 -0.000045	 0.000283	 0.874	 1.4	 3.01	 -0.000010	 0.000280	 0.973	 1.47	 3.01	
Tree	Sparrow	 Passer	montanus	 QP	 0.001687	 0.000728	 0.021	 0.83	 2.56	 0.001649	 0.000713	 0.021	 0.83	 2.56	
Turtle	Dove	 Streptopelia	turtur	 QP	 -0.002318	 0.000526	 <0.001	 0.74	 0.95	 -0.002071	 0.000524	 <0.001	 0.74	 0.95	
Whitethroat	 Sylvia	communis	 QP	 -0.000215	 0.000198	 0.276	 0.85	 1.94	 -0.000152	 0.000195	 0.437	 0.85	 1.94	
Woodpigeon	 Columbus	palumbus	 NB	 0.000769	 0.000155	 <0.001	 1.11	 21.06	 0.000735	 0.000153	 <0.001	 1.11	 21.06	
Yellow	Wagtail	 Motacilla	flava	 QP	 0.000507	 0.000444	 0.254	 0.75	 1.42	 0.000623	 0.000445	 0.162	 0.75	 1.42	


















		 IMI	 CTD	 THX	 IMI	 CTD	 THX	 (kg)	 (TEF-kg)	 (TEF-kg)	
East	 995972	 544676	 171654	 995972	 43574	 17165	 1712302	 1056712	 4.40	
East	Midlands	 426371	 234438	 26709	 426371	 18755	 2671	 687518	 447797	 2.87	
London	&	South	East	 279468	 259986	 0	 279468	 20799	 0	 539454	 300267	 0.85	
North	East	 25567	 76540	 0	 25567	 6123	 0	 102107	 31690	 0.54	
North	West	 11149	 51217	 0	 11149	 4097	 0	 62366	 15246	 0.09	
South	West	 105335	 221653	 0	 105335	 17732	 0	 326987	 123067	 0.48	
West	Midlands	 209659	 210885	 0	 209659	 16871	 0	 420544	 226530	 1.75	










in	 chapters	 two	and	 three	 allowed	 for	measurements	of	 exposure	pre-	 and	post-sowing,	which	
revealed	that	the	incidence	of	exposure	among	individuals	rose	from	9%	(5/54)	to	68%	(87/128)	
after	NN-treated	seeds	were	sown.	Moreover,	it	is	likely	that	those	5	birds	in	the	pre-sowing	group	








bobwhite	 quail	Colinus	 virginianus	 (26.2	 ng/mL),	 when	 birds	were	 dosed	with	 30	 imidacloprid-
treated	wheat	seeds	as	part	of	a	toxicokinetic	study	[8].	It	is	likely	that	exposure	recorded	here	is	
significantly	 higher,	 both	 in	 terms	 of	 frequency	 and	magnitude,	 than	 that	 reported	 in	 previous	
studies	because	existing	data	were	collected	at	 indiscriminate	 times	of	year	with	regards	 to	 the	


















exposure	 within	 individuals	 across	 multiple	 species.	 In	 chapters	 two	 and	 three,	 exposure	 was	
confirmed	in	a	total	of	21	species	of	bird	(7	via	observational	data,	14	via	biological	samples)	and	
68%	 of	 individuals	 (via	 biological	 samples	 only)	 post-sowing.	 It	 is	 pertinent	 to	 compare	 data	
collected	 here	with	 the	 largest	 avian	 single-species	 NN	 exposure	 study	 to	 date,	 undertaken	 by	
Humann-Guilleminot	et	 al.	 (2018).	 In	 that	 study,	NN	exposure	was	detected	 in	 100%	of	 pooled	
feather	samples	collected	from	617	individual	house	sparrows	Passer	domesticus	across	an	area	of	
~15,000	km2	 in	Switzerland	[11].	Although	the	pooling	of	feather	samples	may	have	inflated	the	

































applied	 as	part	 of	 standard	agricultural	 practices	were	 the	only	 source	of	 exposure.	Of	 the	 five	
physiological	 parameters	 investigated,	 only	 one	 had	 a	 significant	 association	with	NN	 exposure	
(faecal	parasite	load),	providing	some	evidence	for	sub-lethal	effects	of	NN	in	the	field.	This	area	of	





this	 hybrid	 dosing-field	 experimental	 design,	 Eng	 et	 al.	 were	 able	 to	 confirm	 that	 migratory	
behaviour	can	be	altered	with	exposure	to	NNs;	however,	that	study	did	not	confirm	that	this	occurs	
in	the	wild	as	a	result	of	exposures	experienced	by	free-living	birds	via	agricultural	NN	applications.	
Measuring	 sub-lethal	 effects	 of	 toxicants	 in	 the	 field	 when	 the	 rate	 and	 time	 of	 exposure	 is	
unknown,	 remains	 a	 major	 challenge	 within	 ecotoxicological	 studies.	 Some	 headway	 has	 been	
gained	here	with	NNs	by	using	seed	treatment	sowing	dates	as	a	means	of	providing	a	temporal	
control	group	to	measure	the	effects	of	exposure,	and	there	is	potential	for	this	type	of	study	design	









avian	 biometric	 data	 to	 be	 more	 efficiently	 analysed	 in	 conjunction	 with	 exposure	 data.	 Data	
gathered	 as	 part	 of	 chapter	 two	 suggest	 that	 good	 candidate	 species	would	 be	 house	 sparrow	
Passer	domesticus	and	dunnock	Prunella	modularis,	due	to	the	rate	at	which	they	were	exposed	






living	 conditions	 (e.g.,	 supplementary	 feed).	 Secondly,	 any	 future	 study	 would	 need	 to	 better	











the	 practical	 limitations	 of	 field-based	 data	 collection,	 associated	 costs	 and	 obtainable	 sample	
volumes.	 Of	 these,	 the	main	 limiting	 factor	 was	 the	 amount	 of	 blood	 that	 could	 be	 obtained.	
Passerine	samples	were	limited	to	the	equivalent	of	1%	of	the	total	weight	of	the	bird,	whereas	











Although	NN	exposure	via	 seed	 treatments	was	 confirmed	 in	a	 large	proportion	of	bird	 species	
sampled,	this	did	not	translate	to	population-scale	effects	when	long-term	data	were	modelled	for	
key	indicator	species	over	the	last	21	years	of	NN	use	in	England.	Overall,	there	was	no	evidence	to	
suggest	 that	 dietary	 exposure	 to	 NNs	 via	 seed	 treatments	 has	 had	 any	 consistent	 impact	 on	
farmland	 bird	 populations.	 However,	 the	 populations	 of	 four	 species	 –	 house	 sparrow,	 skylark	
Alauda	 arvensis,	 turtle	 dove	 Streptopelia	 turtur	 and	 red-legged	 partridge	Alectoris	 rufa	 –	 were	





has	experienced	dramatic	population	declines	over	the	 last	 three	decades	 [17]	 that	are	 likely	 to	
have	 contributed	 significantly	 to	 the	extreme	model	estimate	obtained.	Of	 the	 remaining	 three	
species,	biological	samples	were	available	as	part	of	chapters	two	and	three	for	house	sparrow	and	
red-legged	partridge.	Both	of	these	species	were	observed	consuming	treated	seeds	at	seed	piles,	





detection	rate	of	NNs	 in	 feather	samples	 [11],	and	that	 red-legged	partridge	have	been	cited	 in	
other	reports	as	being	susceptible	to	the	ingestion	of	NN-treated	seed	in	the	field	[14,	18,	19].	As	
yet,	no	exposure	data	have	been	obtained	for	skylark,	but	these	would	be	important	to	collect	to	
confirm	 whether	 exposure	 occurs	 in	 this	 species.	 It	 is	 unclear	 why	 negative	 impacts	 were	 not	

























NN	 use	 and	 population	 change	 was	 observed.	 Even	 if	 these	 methodological	 alterations	 were	
implemented,	 one	 of	 the	 key	 issues	 that	 remains	 with	 this	 modelling	 approach	 is	 the	 spatial	
resolution	at	which	pesticide	usage	data	is	available.	If	pesticide	data	could	be	supplied	at	a	field-
level	 resolution	 that	 did	 not	 necessitate	 complex	 extrapolation	 from	 a	 regional	 scale,	 then	 this	







of	 aviary	 systems	 that	 can	 focus	 on	 environmental	 NN	 exposures	 at	 both	 an	 individual-	 and	
population-scale	 level.	 Although	 further	work	 is	 required	 to	 fully	 understand	 how	NN	exposure	
affects	 individual	 farmland	 birds,	 data	 presented	 here	 confirms	 that	 seed	 treatments	 are	 a	
significant	source	of	exposure	for	avian	multiple	species	during	periods	of	sowing.	These	data	are	













often	 does	 not	 occur	 [9].	 Here	 data	 were	 not	 gathered	 to	 assess	 why	 this	might	 be,	 but	 time	














Finding	 effective	 methods	 to	 improve	 current	 risk	 assessment	 protocols	 is	 difficult	 given	 the	









usage	 data,	 this	 approach	 has	 the	 potential	 to	 be	 extremely	 useful	 for	 assessing	 the	 impact	 of	






seed	 treatments	 to	 farmland	 birds	 (crop	 seed,	 crop	 seedlings,	 bird	 plasma,	 bird	 liver),	 and	 the	
density	 of	 treated	 seed	 on	 the	 soil	 surface	was	 recorded.	 Collectively	 these	 data	 validated	 the	
hypothesis	 that	 seed	 treatments	were	 a	 source	 of	 exposure	 for	 farmland	 birds	 and	 provided	 a	
measure	of	exposure	in	this	group	of	non-target	organisms.	In	the	last	few	years	refinement	steps	













reliance	on	prophylactic	seed	treatments	has	 increased	significantly	 [32];	however,	 it	 is	debated	
whether	 this	 is	 beneficial	 to	 overall	 crop	 yields	 [33-35].	 The	 literature	 regarding	 this	 topic	was	
renewed	for	NNs	and	fipronil	 in	the	 latest	Worldwide	 Integrated	Assessment	(WIA)	for	systemic	
insecticides,	and	several	key	findings	were	put	forward	[33].	Firstly,	there	is	evidence	from	multiple	
studies	that	cropping	yields	are	not	positively	associated	with	NN	applications,	and	that	actually,	
the	 adverse	 effects	 of	 NNs	 on	 invertebrate	 fauna	 may	 limit	 yields	 of	 pollinated	 crops	 [33].	
Comparatively,	additional	evidence	from	studies	that	have	investigated	the	distribution	of	NNs	in	
agricultural	plants	after	seed	applications	suggests	that	the	protection	afforded	to	crops	against	
target	 pests	 may	 be	minimal	 [36].	 These	 data	 are	 consistent	 with	 a	 recent	 study	 by	 Humann-











data	 [33].	 Thirdly,	 the	WIA	 reported	 that	 the	 dramatic	 increase	 in	 NN	 applications	 since	 their	
introduction	to	the	agricultural	market	has	led	to	resistance	being	developed	by	many	pest	species	




Agricultural	 policies	 for	NN	usage	worldwide	 are	 inconsistent	 and	 are	 reflective	 of	 the	 ongoing	











threat	 to	 that	 experienced	 by	 pollinators,	 with	 evidence	 of	 exposure	 and	 adverse	 effects	
accumulating	along	a	similar	trajectory.	Indeed,	data	gathered	as	part	of	this	thesis	have	provided	
evidence	of	widespread	NN	exposure	in	free-living	farmland	bird	communities,	and	some	evidence	












data	presented	 in	 this	 thesis	 are	 relevant	 to	 aspects	of	 current	 agricultural	 policy	 in	 relation	 to	






















integrated	 pesticide	 management,	 biological	 control	 and	 precision	 pesticide	 application	 [43].	
Although	this	scheme	is	voluntary,	it	would	appear	that	UK	agricultural	policy	is	set	to	encourage	
the	 overall	 reduction	 in	 pesticide	 usage.	 However,	 in	 the	 advent	 of	 Brexit	 and	 with	 increasing	












within	 the	 ecosystem,	 and	others	 that	 rely	 solely	 on	 agricultural	 habitats.	 Farmland	birds	 are	 a	
species	group	that	have	undergone	significant	losses	worldwide	over	the	past	few	decades,	with	
common	 and	 rare	 species	 alike	 experiencing	 population	 declines	 [44-47].	 Data	 presented	 here	
provide	evidence	at	an	individual	and	community	scale	of	widespread	NN	exposure	to	wild	birds	via	
seed	treatments,	and	some	evidence	at	an	individual	and	population	scale	of	the	impacts	of	this	on	
bird	 species.	 The	 future	 of	NN	use	 outside	 of	 the	 EU	 remains	 unclear;	 however,	 in	 light	 of	 the	
increasing	 weight	 of	 evidence	 for	 NN	 exposure	 in	 free-living	 birds,	 adverse	 effects	 on	 avian	
physiology	and	behaviours	and	 the	 increasing	availability	of	NNs	 in	 the	wider	environment,	 it	 is	
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N	quadrats	 Mean		 SE	 N	birds	 Median	CTD	 IQR	
1	 80	 1.9	 1.2	 18	 5.80	 12.6	
2	 120	 1.9	 0.3	 9	 0.15	 2.45	
3	 80	 0.5	 0.2	 19	 0.15	 37.0	
4	 20	 0.4	 0.2	 13	 0.15	 0.35	
5	 80	 6.4	 1.9	 10	 647	 3881	






During	 galliforme	 sampling	 (data	 presented	 in	 chapter	 three),	 13	 fields	 were	 sampled	 (280	















N	quadrats	 Mean		 SE	 N	birds	 Med	 IQR	 N	birds	 Med	 IQR	
1	 20	 0.1	 0.1	 10	 0.05	 0.04	 5	 0.15	 0.00	
2	 80	 5.4	 3.0	 14	 0.50	 8.87	 11	 15.2	 570	
3	 80	 9.2	 3.2	 9	 0.30	 0.26	 7	 0.15	 36.5	
4	 41	 3.5	 2.3	 15	 0.02	 0.08	 6	 0.28	 2.20	
5	 20	 15.6	 5.4	 6	 0.04	 0.66	 2	 0.38	 0.23	
6	 40	 0.1	 0.1	 3	 1.28	 18.26	 2	 246	 238	
N:	number	of;	SE:	standard	error;	Med:	median;	IQR:	inter-quartile	range.	
	
	
